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ABSTRACT
REMOTE OPTICAL FIBER SENSING BASED ON REFLECTANCE DUE TO 
THE SWELLING OF POLYMER PARTICLES PRODUCED BY DISPERSION
POLYMERIZATION
By
Siobhan P. Milde 
University of New Hampshire, May 2001
Poly (4-vinyl pyridine) particles produced by dispersion polymerization were 
suspended in a hydrogel membrane and used for remote measurements employing 
fiber optic sensors. The refractive index of poly(4-vinyl pyridine) particles is higher 
than the refractive index of the hydrogel. At low pH, protonation of the poly(vinyl 
pyridine) causes the particles to swell reducing their refractive index and lowering 
membrane turbidity. The membrane response to pH was monitored using 
instrumentation originally that was constructed by Michael Civiello and was further 
developed in this work. A new hydrogel, HYP AN, was evaluated as the medium in 
which the particles are suspended. Methods for attaching a polymer layer to the distal 
end of an optical fiber were also examined.
A 1310 nm wavelength source and an InGaAs detector were installed in the 
remote sensing instrument to improve signal quality by lowering the noise associated 
with the signal. The noise associated with the instrument response results from two 
sources, one being Rayleigh scattering of the laser pulse as it travels down the optical 
fiber. The other contribution to the background is the reflection from the optical fiber
xx
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connector/polymer interface at the distal end of the optical fiber. The use of longer 
wavelength source compared to 834 nm reduced the background signal. The noise 
associated with the signal at the longer wavelength, however, is increased compared 
to the original, 834 nm. The use of angled connectors in the instrument reduced the 
background of the signal and enhanced the turbidity signal by a factor of three.
Using and improving the instrumentation designed for remote optical sensing, it 
was possible to detect pH changes through 500 meters of optical fiber. The particles 
produced from 4-vinyl pyridine showed quick response times and relatively large 
changes in response when placed in a HYP AN membrane. The pKa of these particles 
was determined to be approximately 4.6 through 500 meters of fiber. Sensors were 
constructed on the top of an optical fiber connector, because we could not develop a 
convenient method for attaching a polymer layer on the distal end of an 
unconnectorized optical fiber.
xxi




Chemical sensors are devices that are used to measure concentration of an 
analyte of interest in a sample.1 These devices are designed to operate in a 
continuous and reversible fashion in real time. A chemical sensor typically consists 
of a chemical recognition phase coupled to a transduction element.2 The chemical 
recognition phase interacts with the analyte of interest and is detected by the 
transduction element. A variety of interactions can be used for the chemical 
Orecognition phase. Typically, the measured signal is related to the concentration of 
analyte and the strength of the interaction.1
Most o f the initial chemical sensor work was in the area of electrochemistry, 
specifically amperometery and potentiometry. The recent availability of high 
quality, low attenuation, inexpensive optical fiber has provided new directions for 
sensor development.1 The possibility of selectively and quickly sensing a specific 
analyte with optical fibers has been the center of much research over the past decade.3 
Fiber Optic Chemical Sensors (FOCS)
The use o f fiber optics in chemical sensors has grown due to a need for 
continuous chemical monitoring in the industrial, environmental and biomedical 
fields.4 The needs of these different fields have led to a variety of sensor designs.
1
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The term “optrode”5,6 has been used to describe these types of sensors. An optrode is 
a “device used at the interface between an optical fiber and a sample solution under 
study.”5 Interaction of a reagent phase on the end of the fiber with an analyte leads to 
a change in the optical properties of the reagent phase, which is detected through the 
optical fiber.6
Fiber optic sensors have several advantages over other types of sensors. They 
enable spectroscopy to be performed at inaccessible sites or over long distances.3 
Optical fibers are relatively robust and can be exposed to varying conditions.7 
Unlike electrochemical sensors, fiber optic sensors are not susceptible to electrical 
interference, do not require a reference electrode8 and require no electrical 
connections into the body when used in vivo. Disposable sensors can be developed 
due to the low cost of optical fiber. A major application of optical fiber sensors is the 
development of miniature sensors, based on the small size of optical fibers.9
A variety of sensor designs have been reported. The most common designs 
are distal style probes in which the indicator chemistry is immobilized at the tip of an 
optical fiber1 and the fiber is brought in contact with a sample of interest. Various 
types of fiber optic sensors have been developed using membranes to place the 
reagent phase on the tip of the fiber optic. Methods for getting the reagent phase on 
the tip of the fiber include confining a polymer on the tip with a membrane,10'12 
embedding indicator in a membrane attached to the end of the fiber,13 and confining a 
thin layer of dissolved indicator behind a gas membane.14 Polymeric membranes can 
also be covalently attached to the glass on the distal end of an optical fiber by 
silanization chemistry.15'21
2
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Fiber optic sensors have been developed to sense pH,10,21'25 O2,25-32 CO2,33-36 
NH3j3M3 and metal ions.44-48
Sensors have also been developed for remote, distributed measurements. A 
distributed water and pH detection sensor several kilometers in length,49 temperature 
sensors,50 humidity sensors51 and a sensor for hydrocarbon leaks in tanks and 
pipelines52 have been reported. The sensors observed have been used for distributive 
measurements over long distances.
Instrumentation for Fiber Optic Chemical Sensors
A variety of instrumentation for the use with optical fiber sensors has been 
described in the literature.53-56 The typical instrumental requirements for operating a 
FOCS include a light source, detector, A/D converter and a readout.1 Laser diodes 
are relatively inexpensive and commonly used as sources due to their narrow spectral 
widths compared to light emitting diodes. Detection of light is usually performed 
with a solid-state photodiode in combination with a computer for readout.1
Fiber Optic Chemical Sensors Based on Polvmer Swelling 
The fiber optic chemical sensors mentioned above typically use an acid-base 
indicator or chromophore embedded in a polymer membrane. The polymer 
membrane is then attached to the distal end o f an optical fiber. The use of indicators 
or chromophores has several disadvantages. The reagent phase will leach out o f the 
polymer membrane over time. Indicator or chromophore transducers can 
photodegrade and are wavelength specific which limits the instrumentation that can 
be used. Indicator based sensors are usable in a relatively small pH range 56 Sensors
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based bn fluorescence have to deal with very small responses. To overcome these 
disadvantages, optical fiber sensors based on polymer swelling can be employed. 
They are based on polymer particles that react to an analyte by shrinking or swelling. 
The particles are fimctionalized for a specific analyte, usually pH, and are lightly 
crosslinked to prevent dissolution. When the particles take up solvent, they will swell 
until the force from the crosslinking is in equilibrium with the swelling force from the 
polymer solvation. When there is a charged group on the polymer chain, the polymer 
can also swell due to electrostatic forces.
An example o f a pH sensitive microsphere is shown in Figure 1-1. To produce 
particles on the order o f a micron in diameter, the monomer vinyl (benzyl chloride) is 
polymerized through the technique of dispersion polymerization. The particles are 
then derivatized with an amine group to introduce pH functionality. When the 
particles are in base, the amine sites are unprotonated and the particle shrinks. When 
the particles are in acid, however, solvent enters the particle, the amine sites become 
protonated and the particles swell.
The pH microspheres are dispersed in a hydrogel membrane, as shown in Figure 
1-2. When the membrane is placed in acid, it appears transparent. In base, the 
membrane is cloudy in appearance. This is due to the change in refractive index of 
the particles in the various media. When the particle is in acid, it is swollen and the 
particle has taken up water. The intake of water reduces the relatively high refractive 
index for the particles in acid. The refractive index of the particles is close to 
refractive index of the surrounding hydrogel. This results in a membrane that appears 
clear because the reflectance of incidence light from the particle is low, in accordance
4
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SCHEMATIC OF p H  SENSITIVE PARTICLE IN ACID AND BASE





FIGURE 1-1: Schematic of pH sensitive particle in acid and base
5
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SCHEMATIC OF HYDROGEL MEMBRANE WITH POLYMER 
PARTICLES FUNCTIONALIZED FOR p H
ACID
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FIGURE 1-2: Schematic of hydrogel membrane with suspended polymer 
particles functionalized for pH and of varying refractive indices
6
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with Fresnel’s equation, which relates reflectance to the refractive indices of two 
media. Conversely, when the membrane is in base, the particles are in a shrunken 
state with a relatively high refractive index. The higher refractive index of the 
particle results in more reflectance, and the membrane has a cloudy appearance.
The advantages of sensing based on polymer swelling compared to the usual 
methods involving indicators and chromophores are many. The analyte signal is 
based on a turbidity measurement and wavelength independent. This broadens the 
number of available sources that may be used in the instrumentation. Near infrared 
wavelengths used for telecommunication applications can be employed allowing the 
sensor to take advantage of the technology developed for optical communications. 
Photodegradgation of chromophores can occur when absorption is used for sensing. 
This will limit the lifetime of the sensor. The use of the polymer particles for a 
measurement of the cloudiness of the membrane avoids this problem. The 
membranes used for sensing are mechanically stable because the surrounding 
hydrogel does not swell; only the polymer microspheres do. The response of these 
types of membranes has been seen to be stable for 30 days at 80° C.57 The 
microspheres are also less likely to leach out of the hydrogels, compared to other 
reagent phases. The method can be tailored for various analytes.
The goal of our research group has been to develop swellable polymers as the 
sensing element for chemical sensors. Seitz and McCurley58 produced a prototype 
sensor using a commercially available cation exchange resin that responded to 
changes in salt concentration. The sensor design evolved to a device that contained a 
flexible diaphragm with a reflector on the underside. A polymer bead was placed on
7
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the diaphragm. As the bead swelled, the diaphragm would be displaced and move the 
position o f the reflector. This would alter the quantity of light reflected into an 
optical fiber. This type of optical measurement is known as an optical lever. Light 
was carried to and from the reflector by optical fibers and the change in reflected light 
varied with the degree of polymer swelling in response to analyte. This first sensor is 
shown in Figure 1-3.
A bundle containing two optical fibers was used in the sensor in Figure 1-3. One 
optical fiber was used for illumination and the other was used for collection of 
reflected light to bring to the detector. Figure 1-4 illustrates how two fibers were 
used to measure displacement in the sensor. The magnitude of reflected intensity is 
dependent on two effects. The first effect is the degree of overlap between the cone 
of emitted light from the source fiber and accepted from the collection fiber.56 The 
amount of overlap between the two cones increases as the distance between the 
reflector and the fibers increase, as seen in Figure 1-4. The reflected intensity can 
decrease with large displacements due to the spreading of the light beams. The two 
effects combine to produce a reflected intensity curve versus displacement that passes 
through a maximum with increasing displacement.58 The amount of reflected 
intensity collected varies as a function of the distance between the reflector and the 
fiber.58
The commercially available beads that were used on the sensor in Figure 1-3 
cracked after several swelling and shrinking cycles. The swollen beads did not 
generate much force to move the diaphragm. The beads were also limited as to the 
number o f analytes they could detect. For these reasons, it was decided to synthesize
8
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FIGURE 1-3: Schematic of first fiber optic sensor based on polymer swelling
9
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EFFECT OF DISPLACEMENT OF A REFLECTOR ON OVERLAP 
BETWEEN TWO OPTICAL FIBERS
from to from to
source detector source detector
reflector
reflector
FIGURE 1-4; Effect of displacement of a reflector on the overlap of the emitted 
and collected light cone between two optical fibers
10
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
particles in the research group for use on the sensor.
Particles of poly (vinylbenzyl chloride) were synthesized by suspension 
polymerization.59 These particles were lightly crosslinked with divinyl benzene. 
Kraton G1652, a triblock copolymer consisting of polystyrene end groups and an 
ethylene-butylene middle block, was used in the synthesis of the particles to improve 
the robustness by preventing the particles from cracking after the swelling and 
shrinking cycles. Porogenic solvents were added to the suspension polymerization to 
introduce pore space into the particles. The size of the pores is dependent on the 
solvent used. These solvents were incorporated into the particles during the 
polymerization and evaporate out after, leaving pore space. The inclusion of pores 
into the particles reduces the response time of the particles. The particles were 
derivatized with diethanolamine to introduce pH functionality.
The derivatized VBC particles did not swell with enough force to move the 
diaphragm in the sensor of Figure 1-3. It was seen, however, that the particles 
became clearer as they swelled. The sensing scheme was therefore modified, and the 
research turned to a reflectance-based sensor.
The first single fiber optic chemical sensor based on the change in reflectance 
accompanying polymer swelling was designed in 1994.60 A single drop of 
derivatized polystyrene was placed on the distal end of an optical fiber by dipcoating. 
An LED was used as the source, and a photodiode was used to detect reflected light 
from the polymer drop. A change in reflectance on the order of minutes was 
measured in the pH range from 6.5-8.0. Dipcoating, however, proved to be a process 
that is hard to reproduce.
11
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The production of polymer substrates for cL-inical sensors was studied at length 
by Rooney.61 Polymerizations were performed to produce swellable bulk derivatized 
VBC membranes bonded to a glass surface. These membranes, however, came off 
the glass after several swelling/shrinking cycles. It was determined that the change in 
appearance o f the VBC membranes in acid and base was the result of water in the 
pores in the particles. These pores become scattering centers due to the difference in 
refractive index between the pores and the polymer. When the polymer swelled, it 
became clearer because its refractive index decreased and was closer to the refractive 
index o f water. This realization resulted in a new sensing scheme. Derivatized VBC 
particles were suspended in a hydrogel membrane to become scattering centers. The 
hydrogel merely serves as a medium to suspend the particles; it is pH insensitive and 
does not swell in solvents.
Instrumentation for remotely measuring the change in reflectance of the particles 
suspended in hydrogels was developed by Civiello62 and is further developed in this 
dissertation. The instrumentation consists of long lengths of optical fiber with 
hydrogels on the distal end. Light is pulsed down the optical fiber using a laser diode. 
The signal that is reflected back into the fiber is detected by a photodiode. A Lab 
View panel that was developed by Civiello runs the instrument.62 The instrument 
uses a near infrared source due to low attenuation in the fiber at this wavelength.
Once the new sensing scheme of using a swellable polymer in a hydrogel was 
conceived, effort focused on preparing swellable polymer particles. Kaval63 
investigated the incorporation of 2,4,5-trichlorophenyl acrylate (TCPA) into VBC 
particles produced by dispersion polymerization. The trichlorophenyl group attached
12
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to the polymer is displaced during amination, leaving open space in the polymer.
This was done to increase the response time of the particles. Miele64 studied 
extensively the factors that influence the particle size and morphology of particles 
prepared by dispersion polymerization. Seeded-emulsion polymerization was also 
used to produce particles. These particles resuspended more rapidly than the other 
particles produced in the group because they were more porous. The change in signal 
between acid and base was also quite large.
Doherty57 also examined the preparation of swellable polymers. His work 
involved dispersion and seeded emulsion dispersion polymerization of poly (VBC- 
TCPA) particles. Also investigated was the use of pH sensitive hydrogels. Doherty 
used his polymers for different sensing schemes, including a surface plasmon 
resonance device and a magnetochemical sensor.
Summary of Work 
There were three main goals of this work. The first goal was to improve the 
quality of the measured signals of reflectance from the instrumentation developed by 
Civiello.62 The noise of the signal was relatively large. The cycling of pH sensors in 
various buffers resulted in unstable signals, and the change in response from acid to 
base was not very large. The use of angled connectors on the instrument was 
investigated to reduce the background noise o f the signal. A longer wavelength 
source was tested and characterized to increase the signal to background noise ratio.
The second goal was to develop a method to reproducibly bind a polymer layer to 
the distal end of an optical fiber. The method named the tip-to-tip method was 
investigated, as were others. Sensors were prepared using a method developed by
13
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Civiello,62 and particles produced in the research group were tested. The response 
from cycling the sensors in acid and base was measured.
The last goal of this work was to develop swellable polymer particles that 
contained pH sensitive functionality. This would eliminate the need for separate 
derivatization steps. Poly (vinyl pyridine) microspheres were prepared by dispersion 
polymerization and incorporated into hydrogels. The pH response of the resulting 
membranes was tested spectroscopically using the instrumentation for remote 
sensing. These particles were characterized in a new hydrogel, HYP AN. The 
apparent pKa of the particles was determined through 500 meters of optical fiber.
In this dissertation, Chapter 2 discusses the theory of polymers and the technique 
of dispersion polymerization that was used to produce particles. The theory of 
polymer swelling, as well as optical fibers and optical measurements, is discussed. 
Chapter 3 contains the experimental methods and procedures used in this work. 
Chapter 4 shows the improvement of the signal resulting from the use o f angled 
connectors and a 1310 nm source. Chapter 5 discusses the dispersion polymerization 
technique and how to apply it to the dispersion polymerization of a polar monomer. 
The variables that affected the particle size and morphology are shown, as well as the 
results from the optical characterization of the produced particles. Chapter 6 
discusses some of the ideas explored for coupling a polymer layer to the distal end of 
an optical fiber. Also shown in this chapter are the results of cycling sensors in acid 
and base, as well as the apparent pKa determination of poly(vinyl pyridine) particles. 
Chapter 7 presents the conclusions of this dissertation work.
14
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CHAPTER 2
THEORY
Theory of Optical Fibers
The science of fiber optics deals with the transmission of light along 
transparent fibers of glass or plastic. Optical fibers are fabricated by surrounding a 
glass or plastic core with a material of lower refractive index, called the cladding.
The phenomenon responsible for guiding light through an optical fibers is total
internal reflection.65
Refraction
The speed of light in matter is less than the speed of light in a vacuum. The 
refractive index, n, is a factor by which velocity is reduce when traveling in a medium 
other than a vacuum. The expression relating refractive index, n, and the speed of 
light, v , in a medium is given by:65
« = £  (1) v
where:
n = index of refraction 
c = speed o f light in vacuum (3.00xl08 m/s) 
v= speed of light in material (m/s)
The change in velocity that occurs when light passes from one medium to another 
results in refraction. When a beam travels from a less dense to more dense material,
15
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the beam will be bent towards the normal to the interface, as shown in Figure 2-1.
The extent of refraction can be expressed using Snell’s law which relates the angle of 
incidence, 0i, and the angle of refraction, 02, as shown in Figure 2-1:
n,sin^, = n ,s in # 2 (2)
where ni is the index of refraction for the first media and n2 is the index of refraction 
in which the light continues to travel.66 
Total Internal Reflection
A ray of light incident on the interface between an optical fiber and air will be 
totally internally reflected under certain conditions and is shown in Figure 2-2. Total 
internal reflection will occur when the angle of incident light, 0, is greater than the 
critical angle, a , as depicted by ray I. Ray 2 is incident at an angle less than a  and is 
only partially reflected. When the angle between the incident ray and normal to the 
interface is greater than the critical angle, the light is totally reflected and none is 
refracted. This is shown in Figure 2-2. The critical angle depends on the indices of 
refraction of the core and cladding: a  = arcsin (n2 /ni)
Numerical Aperture
The numerical aperture (NA) describes the input acceptance cone of an optical 
fiber. The NA is defined:66
NA = na • s in C ^ ) = ~ nL  (3)
where:
n0 = refractive index outside the fiber end
0 ^  = half angle of acceptance cone
16
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
REFRACTION OF LIGHT TRAVELING FROM 




-  less dense medium





FIGURE 2-1; Refraction of light traveling from a less dense to more dense 
medium with refractive indices, m and n2, respectively
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FIGURE 2-2: Schematic depicting total internal reflection in an optical fiber
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Core and Cladding Materials of Optica! Fibers
The core of an optical fiber can be plastic, but is usually doped silica. The 
specific materials in the core determine its preferred operating wavelength. High 
“water” content fibers can attenuate an IR signal through absorption and are usually 
used in the UV. Low “water” content fibers attenuate the signal less and are suitable 
for most applications. The cladding material can be silica or a low refractive index 
polymer. By changing the cladding material, the NA of the fiber can be adjusted.67 
Single Mode and Multimode Optical Fibers
Optical fibers are available as either multimode or single mode. A mode is a 
stable propagation state of light in an optical fiber66 resulting from reinforcement of 
electromagnetic fields of particular light rays.66 Multimode fiber has many modes of 
propagation, where single mode has only one by design. Whether a particular fiber is 
multimode or single mode is dependent on the fiber geometry, core/cladding
* 67refractive indices, and the wavelength of operation.
Multimode fiber can be further broken down into step and graded index fiber. 
Each type has its own disadvantages and advantages.
Step index fiber was the first type of optical fiber to find practical application, but 
is being phased out by several companies.67 Step index fiber allows the light to travel 
at many different angles within the fiber, thereby allowing many modes of 
propagation. The term step refers to the shape of the refractive index profile,66 shown 
in Figure 2-3.
The advantages of step index fiber are usually a large core area and high 
numerical aperture. These allow light to be easily coupled into the fiber. This also
19
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REFRACTIVE INDEX PROFILES OF STEP AND 









Graded Index Optical Fiber Refractive Index Profile
FIGURE 2-3: Refractive index profiles of step and graded index optical 
fiber: n(r) is increasing refractive index, a is the radius of the core of the
fiber
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allows for inexpensive termination techniques, low cost diodes, and high power 
handling capability. These fibers are widely used in high power laser delivery 
applications, factory automation, short distance data communications and fiber 
sensors.67
A disadvantage of step index fiber is the bandwidth. The difference in path 
lengths for different rays in the optical fiber causes a pulse of light to spread. This is 
known as dispersion and can distort the transmission signal.
The refractive index profile of a graded index fiber decreases continuously from 
the center of the core out to the cladding, as shown in Figure 2-3. The gradual change 
in refractive index guides the light down the fiber in a sinuous path.68 The graded 
profile of the fiber reduces the amount of pulse spreading and can increase the 
bandwidth, compared to step index fibers, by 25 fold.67
The graded profile increases bandwidth beyond what a step index fiber can 
provide, but the core sizes are still large enough for convenient termination and use of 
lower cost diodes. Industry standard sizes for the core diameter of graded index 
optical fiber are 50, 62.5, and 100 pm. The construction is most always a silica/silica 
core/cladding, with dopants used to adjust the refractive index.67 
Internal and External Losses in Optical Fibers
In principle, total internal reflection results in a loss (measured in decibels, or dB) 
of zero dB per reflection65 and therefore 100% transmission. In practice, there are 
several sources of attenuation in optical fibers. They include: Rayleigh scattering, 
absorption and bending.65 Rayleigh scattering can scatter light rays in many 
directions, causing a loss of optical power. Generally, irregularities in the index of
21
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refraction of the glass cause most of the attenuation in modem fiber. Rayleigh 
scattering is inversely proportional to wavelength to the fourth power.68
The attenuation in silica can be high at short wavelengths due to UV absorption 
and at the long wavelengths, due to atomic vibrational absorption. In addition, 
unwanted impurities and intentional dopants can absorb energy. Attenuation can also 
be caused by microbends, which are the result of microscopic imperfections and is 
caused by the manufacturing process or mechanical stress.65 Optical energy gets lost 
in the cladding material.
Losses from connectors
High losses at a fiber optic connector are determined by many factors including 
the fiber size, ferrule size and the methods used to secure and polish the fiber during 
termination. Performance can be characterized by using several industry accepted 
test methods: visual inspection (with a microscope), insertion loss and return loss.65
Insertion loss is the amount of optical power lost at the interface of the two fibers. 
Insertion loss is mostly caused by lateral and angular misalignment.
Return loss is the amount of light reflected back towards the source relative to the 
forward signal. The primary cause of back reflections is a change in the refractive 
index at the interface of the connector. This effect can be controlled by changing the 
connector endface. In most systems, back reflection is not a serious problem. 
However, reflections back into a laser cavity can result in output fluctuations, mode 
hoping, and a damaged laser.65
22
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Angled Connectors
Connectors whose tips are finished normal to the fiber’s axis exhibit high back 
reflection at the glass-to-air junction. Connectors with an 8 degree polish, called 
APC, create an interface in which most of the reflected light is decoupled from the 
fiber core. Low back reflections are intended as part of the design o f an APC 
connector, at the sacrifice of higher insertion losses.
Optical fibers are angle polished to take advantage of the reflective properties of 
the fiber endface. The amount of transmission and refraction for propagating light is 
determined by the optical properties of the two materials and the angle of incidence. 
If the reflected angle is less than the critical angle, the reflected light will not 
propagate backwards through the fiber. Angle polished fibers can be an efficient 
alternative to antireflection coatings.57
Optical Fiber Etching
Optical fibers can be etched reproducibly with hydrofluoric acid because they are 
usually composed of glass. The etching of optical fibers has been used to fabricate 
probes for photon scanning tunneling microscopy (PSTM),69*71 and to form a micro 
lens on the end of single mode optical fibers for more efficient coupling with single 
mode fibers72 or laser diodes.73
The core or cladding of an optical fiber can be selectively etched depending on 
the application. Selectivity in the etching of the core or cladding can be 
accomplished with a buffered HF solution. The process of using a buffered etching 
solution has been widely used in the processing of dielectric materials.71 There is a 
difference in etching rates between a Ge doped core and a pure silica cladding.69
23
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Typically, a buffered solution containing 50% v/v HF, 40% w/w NH4F and water is 
used to etch a PSTM tip. A ratio of 1:1 :X is usually used. This refers to I part water 
to 1 part HF to various parts of salt.71
The chemical etching of the optical fibers results from the reactions of SiC  ^in
the glass with HF. The chemical reactions for SiC>2 with HF in water have been
described by Bums, et ah74
Si02 + 4HF -> SiFA + 2H 20
SiFA + W 20  -> H 2SiO} + 4HF (4-7)
SiF4 + 2HF -> H 2SiF6
The chemical reactions for GeC>2 with HF in water have been described by Rochow:75
Ge02 + 4HF -> GeFA + 2H 20
GeFA + 2H20  -»  H 2Ge03 + 4HF (8-10)
GeFA +2HF -> H 2GeF6
To etch a Ge core more slowly than a Si cladding, the etching solution can be 
buffered with ammonium fluoride. Ammonia reacts with the Ge and Si complexes 
that are formed from the reaction with HF, as follows:
H2SiF6 + 2NH, -> (MHa ), SiF6
(11 12)
H 2GeF6 +2NH3 —> (NHA)2GeF6 
The difference in solubility of the ammonium complexes in the etching solution leads 
to a difference in etching rates. Different probes can be fabricated by adjusting the 
amount of salt used, the etching time or the amount of Ge doped into the optical fiber 
core,69 as well as different sized optical fibers.
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Foivmers
Basic Concepts of Polymer Science
Polymers are large molecules built up by the repetition of small chemical units. 
The name polymer is Greek in origin: poly meaning many and mer meaning small 
part.76 The repeating unit is usually very similar to the starting material from which 
the polymer is formed, the monomer. Polymers can form linear chains or branched 
chains to form three-dimensional networks.
Polymers form branched chains from the result of side reactions during the 
polymerization. Networked or crosslinked structures can also form by using a 
monomer with two reactive groups in an addition polymerization.76
The processes of polymerization can be divided into two categories, condensation 
and addition polymerization. In condensation polymerizations, condensation occurs 
between two polyfunctional molecules to produce a larger molecule. This usually 
occurs with the elimination of water. The polymerization process used in this work 
was addition polymerization, or chain-reaction polymerization.
Addition polymerizations involve chain reactions involving an ion or free radical 
as a chain carrier. Free radicals are formed from the decomposition of an initiator. 
They react with the double bond of a vinyl monomer with the regeneration of the 
radical. The radical that is formed can successively react with many monomers to 
form a chain. This is called propagation. The process is terminated by the reaction of 
two radicals with each other, either by combination or disproportionation.76 These 
processes are shown in Figure 2-4 and 2-5.
25
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MECHANISM FOR RADICAL CHAIN POLYMERIZATION OF A
VINYL MONOMER
1. Initiation
I — ► 2R»
H
R- + CH2=CHX — ► RCH20
2. Propagation
H
R— (CH2CHX)j------ CH2C- +  CH2C=CHX
H
R—  (CH2CHX)^CH2C«
FIGURE 2-4: Mechanism for radical chain polymerization of a vinyl
monomer
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MECHANISM FOR RADICAL CHAIN POLYMERIZATION




C H ,0 +  -CCH,—
X
H H 
— CH2C CCH2I [
x  X
Disproportionation
H H H H
CH20  +  -CCH2---------► — CH2C— H +  C =CH —
X
FIGURE 2-5: Mechanism for radical chain polymerization of a vinyl 
monomer — termination step
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Theory of Polymer Swelling
Swelling of Neutral Crosslinked Structures
A crosslinked, 3-D network of a polymer, can not dissolve in a solvent. It may, 
nonetheless, absorb a significant quantity of an appropriate solvent. The absorption 
of the solvent causes the polymer to swell. This process is driven by the increase in 
entropy caused by the swelling. The increase in volume allows the solvent to spread 
out more. As the neutral polymer becomes swollen, the crosslinked chains become 
elongated. The force of the elongation develops in opposition to the swelling force 
until an equilibrium is reached between the two.77 Flory described nonionic polymer 
swelling by the following equation:77
qm = equilibrium swelling ratio, V/V0 volume swollen to 
volume unswollen 
v = specific volume of the polymer (L/g)
Me = molecular weight per crosslink unit (g/mol)
M = molecular weight of the polymer network (g/mol)
X, = interaction parameter -  represents affinity of polymer for
solvent
Vi = molar volume of the solvent (L/mol)
From this equation, it can be seen that the swelling of a crosslinked polymer in a 
compatible solvent depends on several variables. The extent of swelling depends on 
the amount of crosslinking in the polymer. As the amount of crosslinking is 
increased, the molecular weight per crosslink will decrease. The affinity of the 
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sweiiing. The term ( L-2m c/M) in the equation is a correction factor to account for the 
effect of chain ends on the polymer network.
Ionic Polymer Swelling
The particles to be discussed in this work swell due to electrostatic forces. If a 
polymer contains ionizable groups, swelling of the polymer in a compatible solvent 
can be enhanced due to the presence of charges that repel each other electrostatically. 
The electrostatic repulsion will expand the networked polymer. However, the 
polymer is not expanded as much as theoretically possible from the electrostatic 
repulsion due to the presence of other ions. There is an exchange of ions and solvent 
between a swollen ionic polymer and the surrounding solvent. These ions can screen 
the charges and reduce the swelling.77 This process is illustrated in Figure 2-6.
Flory77 has described ionic polymer swelling by the following equation:
<71 =




qm = equilibrium swelling ratio 
i = number of electronic charges per polymer unit 
Vu = molecular volume of polymer repeating unit (L/mol) 
S = molar ionic strength (mol/L)
Xj = interaction parameter
V, = molecular volume of solvent (L/mol)
ve = effective number of chains in network
V0 = volume of unswollen polymer network (L/mol)
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SCHEMATIC DEPICTING IONIC POLYMER SWELLING
FIGURE 2-6: Schematic of ionic polymer sweiiing: circles represent mobile 
charges in solutions, squares represent fixed charges on the polymer chain
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The first term of the equation describes the effect of electrostatic repulsion due to 
charge density and ionic strength. As the charge density on the polymer increases, 
the swelling due to electrostatic repulsion also increases. The repulsion can be 
shielded by counterions in the solution. The amount of shielding, and hence swelling, 
therefore depends on the ionic strength of the solvent.
The second term of the equation deals with the interaction of the solvent and 
polymer. The polymer can also swell nonionically due to interaction with the solvent. 
This type of swelling is represented by the second term.
The swelling of an ionizable polymer can also be described as an osmotic 
pressure effect.77 An ionizable polymer has fixed, charged sites. If the charge 
density of the polymer is greater than the surrounding solvent, the solvent will enter 
the polymer. Conversely, if the charge density of the surrounding solvent is greater 
than the change density on the polymer, solvent will leave the polymer and the 
swelling will decrease.
The swelling of an ionic polymer depends on: the affinity of the solvent for the 
polymer, the amount of fixed sites on the polymer chain, the degree of crosslinking 
and the ionic strength of the solvent.
Polymer particles
The synthesis of polymer particles on the micrometer size range has been the goal 
of much research. Particles in the 2-20 micrometer range have several applications, 
such as use in toners, chromatography stationary phase materials,79 instrument 
calibration standards, standards for the determination of the pore size and efficiency 
of filters,80 and automated continuous-flow instruments for solid phase peptide
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particular size.80
There are a limited number of methods to prepare monodisperse particles with the 
diameter on the order of 2-20 micrometers. Emulsion polymerization may be 
employed, but the particles produced are developed from a seed particle in a 
complicated, multistep experiment.81'82 Monomer may be forced through a 
microporous glass membrane to form droplets of a similar diameter.83 Dispersion 
polymerization is a convenient, one-step, alternative to the above methods.
Monodisperse particles in the size range of 2-20 micrometers were difficult to 
prepare before the technique of dispersion polymerization was established. The size 
range of the produced particles is in between the size of particles produced by 
emulsion polymerization techniques (0.1-0.7 micrometers) and suspension 
polymerization techniques (10-500 micrometers).79
Dispersion Polymerization
Dispersion polymerization was developed for the production of polymer particles 
in hydrocarbons.78 Barrett has summarized early work in this field.84 Both polar and 
non-polar solvents may be used in a dispersion polymerization. There are few 
examples of true, radically initiated dispersions in water. In many cases, water is 
added to fine tune the solvency of the dispersion medium to manipulate the particle
or
size. The majority of dispersion polymerizations in the literature has dealt with the 
polymerization of hydrophobic monomers, especially styrene and methyl
QfV OjT Q<*
methacrylate, in polar solvents. ’ Dispersions from moderately polar 
monomers,93'99 however, have not been investigated nearly as much.
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• • • ,  78No single setof variables is responsible for monodispersed particles. For each 
dispersion system, there is a set of favorable conditions that result in a latex of 
monodispersed particles. Several interrelated variables can affect the size and 
distribution of the produced particles. These variables include temperature, initiator, 
monomer and stabilizer concentration and choice of solvent system. Despite many 
studies, the mechanism of dispersion polymerization is still not completely 
understood.100'105
In the process of dispersion polymerization, monomer and initiator are dissolved 
in a solvent. During the polymerization, polymer particles are formed in an initially 
homogenous solution. Polymer particles precipitate out of solution as they are 
produced and are stabilized by a steric stabilizer. The stabilizer is composed of two 
segments in which one segment is relatively soluble in the continuous phase and the 
other is not.106
To initiate particle formation, the dispersion medium containing the dissolved 
monomer and initiator are heated to decompose the initiator. Both polymer and 
stabilizer-polymer graft copolymers are formed. Initially, the chains grow, forming 
oligomers. The oligomers reach a critical chain length in which they are no longer 
soluble in the dispersion medium and precipitate out. The oligomers associate into 
unstable nuclei that collapse together to reduce the polymer/solvent interface area. 
This continues until enough graft copolymer has been adsorbed to prevent the 
particles from coagulating. This is the end of the nucleation period. Once the initial 
particles have precipitated out, the reaction continues. The end result is particles with
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copolymers.106 This process is shown in Figure 2-7.
The requirements for a dispersion polymerization are monomer, solvent, initiator, 
and steric stabilizer.85 Dispersion polymerizaton is applicable to monomers that 
produce polymers insoluble in the dispersion medium solvent.105 The monomer must 
be soluble in the dispersion medium while the formed polymer is insoluble. Many
Of
monomer/polymer pairs can be used.
Several variables can affect the particle size and distribution of produce particles 
from a dispersion polymerization. These include monomer, stabilizer, and initiator 
concentration, temperature, and choice of solvent. The effect of each of these 
variables is discussed below.
The major requirement for a monomer in a dispersion polymerization is that it be 
soluble in the dispersion medium while the resulting polymer is not. When the 
monomer concentration in a dispersion polymerization is increased, the final particle 
size generally increases. This is due to the fact that more nuclei can form due a faster 
polymerization rate and will be able to grow larger. The addition of monomer, 
however, complicates the solvent system by changing its solubility. As monomer 
gets used up, the solubility of the dispersion medium changes and therefore the nature 
of the dispersion medium changes with time. Very significant shifts can occur.85
Stabilizers are used to stabilize nuclei to form particles. The same stabilizer can 
be used to stabilize a variety of monomers.106 Insufficient amounts of stabilizer result 
in coagulation. Stabilizers have two segments, one that is soluble in the dispersion 
medium and one that is not. The soluble segment of the stabilizer is not important as
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FIGURE 2-7: Schematic of particle growth in a dispersion polymerization85
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The most common stabilizers are homopolymers. Increasing the amount of 
stabilizer in a dispersion generally reduces the produced particle size and increases 
the number of particles formed.85
Dispersion polymerization is generally free from effects due to stirring or reactor 
geometry. However, magnetic stirring appears to give unreliable results. An increase 
in temperature generally increases the particle size. The higher temperature leads to a 
prolonged nucleation period that results in larger particles. In general, an increase in 
initiator concentration results in an increase in particle size and dispersity.85 
Copolvmerizations and Crosslinking in Dispersion Polymerizations
Dispersion polymerizations are usually performed to produce uncrosslinked 
particles. The particles in this work, however, needed to be crosslinked. When 
monomers or crosslinking agents are added to the dispersion medium, there is the 
possibility of preferential partitioning of polar monomers into the particles during the 
reaction. The reactivity ratios and the polarity of the comonomers should be as 
similar as possible to achieve predictable results.85 For some time, highly crosslinked 
microspheres could not be prepared in a single step dispersion.85 Crosslinker 
concentrations in the region of I mol % (based on monomer) usually result in 
coagulation.107'109 However, successful preparations of crosslinked particles with 9- 
10 mol percent of divinyl benzene (DVB) have been reported.1 l(M 11 Crosslinked 
particles have also been prepared from seeded emulsion techniques.101 Poly 
(vinylbenzyl chloride) (VBC) particles with 2% DVB crosslinker, have been prepared 
by dispersion and seeded emulsion techniques extensively by Miele.64
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Hydrogels are hydrophilic macromolecular polymers that swell when absorbing 
water, but do not dissolve.112 Hydrogels have been used extensively in biomedical 
and pharmaceutical applications, due to their biocompabiltity and ability to swell.113 
Hydrogels have been used in sensors based on the mechanical force of the hydrogel 
swelling.113 The hydrogels in this work are used to suspend the chemically sensitive 
microspheres. They are advantageous for the fiber optic chemical sensor transducer 
element for many reasons. Analyte can diffuse quickly into the particles because of 
the high water content of the hydrogels. Hydrogels are biocompatible and can be 
attached to glass. They also have a low refractive index that allows for a large 
difference in refractive index between the microspheres and the hydrogel. This 
results in a larger reflected signal. Poly (hydroxyethylmethacrylate) (poly HEMA) 
and poly (vinyl alcohol) (PVA) are two hydrogels that were used initially in this 
work. (Figure 2-8) Poly HEMA is an important material in industrial and 
biomedical fields and is used in contact lens.112 
HYP AN
A new commercial hyrdogel, HYP AN™, available from HYMEDIX (Dayton, NJ) 
was also used extensively in this work. The structure of the monomers in HYP AN 
hydrogels is shown in Figure 2-9. The HYP AN polymers are hydrophilic and are 
converted to hydrogels in the presence of aqueous solutions. These hydrogels contain 
hydrophilic groups (soft blocks) and hydrophobic groups (hard blocks). The hard 
blocks form organized crystalline regions in water and are responsible for the 
mechanical strength of the hydrogel. The hard blocks are based on polyacrylonitrile.
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STRUCTURES OF THE MONOMERS FOR THE HYDROGELS HEMA AND PVA
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FIGURE 2-8: Structures of the monomers for the hydrogels HEMA and PVA
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STRUCTURE OF THE MONOMER IN HYPAN HYDROGELS
Hard Block Soft Block
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where I = various acrylic 
acid derivatives
FIGURE 2-9: S tructure o f the monomer in HYPAN hydrogels
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They organize into structures with a high cohesive energy in water. These structures 
are similar to permanent chemical covalent crosslinks. The soft blocks contain 
hydrophilic groups derived from acrylic acid. A variety of soft groups are available 
to adapt the hydrogels for many applications. The soft blocks are amorphous regions 
that are responsible for the swelling and flexibility of the hydrogel.114 The HYPAN 
copolymer dissolves in DMSO. It forms a hydrogel when contacted with water. 
Water content depends on the ratio of hard to soft blocks. The HYPANs used in this 
work contained 50,68 and 80% water.
Optical measurements of hydrogel membranes with suspended particles
Spectrophotometry was used to first measure the absorbance of hydrogel 
membranes with suspended particles in acid and base. The membranes have a 
transparent appearance in acid when the microspheres swell and a cloudy or turbid 
appearance in base when the microspheres shrink. Information about the turbidity of 
the membranes can be determined by monitoring the absorbance of the membranes 
versus wavelength. The decrease in transmitted light, however, is due to scattering 
and reflection of light and not absorption.
Turbidimetry is the measurement of light through a sample that does not absorb 
light, but scatters or reflects it. The turbidity of a solution is related to the amount of 
light that passes through a sample by:115
(15)
where:
x = turbidity of sample (cm 1)
I = intensity of beam passing through sample 
Io = intensity of transmitted beam 
b = pathlength of sample (cm)
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The particles in the hydrogel shrink and sweii m response to anaiyte. This shrinking 
and swelling results in a change in refractive index of the particles. The change in 
refractive index of the particles, as previously mentioned, causes the membranes to 
have a clear or cloudy appearance. When the beads are in a shrunken state, the 
particles are small with a refractive index that is higher than the refractive index of 
the surrounding hydrogel. This results in a cloudy membrane. For normal incidence, 
the amount of reflected light from materials with different refractive indices is 
defined by Fresnel’s equation:115
where:
R = reflection
nt = refractive index of medium I 
n2 = refractive index of medium 2
From this equation it can be seen that the larger the difference between the two
refractive indices, the greater the reflectance. Reflectance also depends on the size of
the particle. The larger the particle, the more light it will scatter. The change in
refractive index, not the particle size, was the dominant effect for the membranes
prepared in this work.
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Hydrogel Formation and the Dispersion Polym erisation  of 4-Vinvl pyridine. 
Vinvlbenzvl chloride and Vinvl imidazole
The following chemicals were purchased from the Aldrich Chemical Company:
4-vinyl pyridine (VP): 95%, FW=105.14, bp 79-82°/29 mm
1-vinyl imidazole (VI): 99+%, FW=94.12, bp 78-79°/l3 mm
Divinyl benzene (DVB): tech, 55% mixture o f isomers, MW =130.2 g/mol 
Ethylene glycol dimethacrylate (EDGMA): 98%, FW = 198.22, 
bp 98-l00°/5 mm)
Tetraethylene glycol dimethacrylate (TEGDMA): 98%, MW 330, bp> 
200° C/2 mm
Pyridine: 99+%, FW=79.10, bp 115°
2,2’-Azobisisobutyronitrile (AIBN)- 98%, FW=164.2l, mp103-105° 
Polyvinylpyrollidine (PVP): MW ca 40,000 
Diethanolamine: 99%, MW=105.14, bp 217°/150 mm
2-Hydroxyethyl methacrylate (HEMA): 99+%, FW=130.14, bp 
6773.5mm
Poly vinyl alcohol (PVA): 100% hydrolyzed, MW ca 14,000
2-2-dimethoxy-2-phenyl-acetophenone: FW = 256.30g/mol, mp 67-70°C 
Perylene: MW 252.32 g/mol, mp 277-279 °C
Chlorotrimethyl silane (TMS-C1): 1.0M in THF, FW 108.64
The following was purchased from Dow Chemical Company
Vinylbenzyl chloride (VBC): 98%, mixture o f isomers, MW = 152.62, 
bp 229°C
The following was purchased from Polyscience, Inc. -  Warrington, PA:
3-(trimethoxysilyl)propyl methacrylate
The following were purchased from United Chemical Technologies, Inc.
Glass Clad™: PS233: 50% solution in isopropanol
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Vinyltrimethoxy silane: MW = 148.23 g/mol, bp 123° C




The following reagents were purchased from Fisher Scientific:
Ethanol: 99%, Pharmco
Toluene: FW = 92.14 g/mol, bp 110.6°C
Methanol
Xylenes
Acetone: FW = 58.08 g/mol, bp 56.0 l°C










All chemicals except for the 4-vinyl pyridine and vinyl imidazole were reagent 
grade and used without further purification. The 4-vinyl pyridine and vinyl imidazole 
included inhibitor to prevent premature polymerization. Therefore, they were 
distilled under vacuum before use. All buffers were prepared at 0.1 M concentration 
and ionic strength, adjusted with sodium chloride. Water was doubly deionized and 
distilled in a Coming Megapure H2O distillation apparatus.
Equipment 
Optical Fiber Tools and Equipment
The following optical fiber was purchased:
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Graded Index Optical Fiber: 100/140 multimode fiber with acrylate buffer - 
Spectran Specialty Optics Co., Avon, CT
Step Index Optical Fiber: 200/230 multimode fiber with acrylate buffer -
3-M Specialty Optics, West Haven, CT.
All the optical fiber tools listed were from Fiber Instrument Sales, NY:
Hand Held Crimp Tool
No-Nik Optical Fiber Stripper
Noyes Hand Held Microscope for Connectorized Fiber
Lapping Film - 30 pm, 15 pm, 9 pm, 5 pm, 3 pm, 1 pm, 0.1 pm
Carbide Tip Optical Fiber Cleaver
Piano Wire
Connector Cleaner
Refractive Index Matching Gel
Optical fiber connectors were purchased from Fiber Optic Center Optical, New 
Bedford MA:
905 SMA Connectors drilled to 140 pm and 230 pm
906 SMA Connectors drilled to 140 pm and 230 pm
The following products were purchased from Miller Stephenson:
Epoxy 907 Two Part Adhesive System 
Canned Air
TFE Release/Dry Lubricant Agent MS-122N/C02
Optical Fiber Used in This Work
The first experiments in this work, specifically the silanization of optical fibers 
and the tip-to-tip method of placement of a polymer layer were done with optical 
fiber that had been in the group for several years and used for various projects. This 
optical fiber was a multimode graded index fiber with a core/cladding size of 100/140 
pm. It had an acrylate buffer and three plastic jackets for strength. This optical fiber 
had been in the group for so long, it was not known where or when it was purchased. 
It was observed through experimentation, however, that this fiber could break easily
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within the jacket. The old optical fiber had degraded with time and was, therefore, 
replaced.
New optical fiber was purchased from Spectran Quality Optics. This optical fiber 
was also a multimode graded index fiber with a core/cladding size of 100/140 pm. A 
spool of 1,100 meters of this optical fiber was purchased for 46 cents/meter. The 
optical fiber was silica/silica fiber that had an acrylate buffer for mechanical strength. 
The diameter of the optical fiber with the buffer intact was 250 pm. The attenuation 
in this fiber at 850 nm and 1310 nm is 4.0 and 1.5 dB/km, respectively. The 
numerical aperture of the fiber was 0.29± 0.14, and the collective refractive index of 
the fiber was 1.497 and 1.492 at 850 nm and 1310 nm, respectively. The majority of 
the work in this dissertation used this fiber.
Multimode step index optical fiber was also purchased. This optical fiber was 
purchased from 3-M Specialty Optics on a spool with 1,100 meters. The size of the 
core/cladding of optical fiber purchased, after experimenting with various sample 
sizes, was 200/230 pm. Again, the optical fiber came with a buffer for mechanical 
strength.
Apparatus
A Coming PC -  315 combination hot plate stirrer was used for solution 
preparation and the dispersion polymerizations. Polymer products were cleaned with 
a Fisher Scientific laboratory (3400 rpm) centrifuge and Branson sonicator. A Fisher 
Scientific Stereomaster II Microscope was used for viewing optical fibers. The 
absorbance of the diluted milk solutions was measured using a Bausch and Lomb 
Spectronic 20 Bausch and Lomb Spectronic 20 Visible Spectrophotometer. The
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refractive indices of KI solutions and HYPAN membranes were measured with a 
Bausch and Lomb Abbe Refractometer. Absorbance and turbidity were measured 
with a Varian Cary 5 UV-Vis Spectrophotometer using a standard 1 cm cuvette. A 
Corning 907 pH meter with a Coming combination pH electrode was used to measure 
pH.
Procedures 
Distillation of 4-vinvl pyridine
The monomer 4-vinyl pyridine is inhibited with hydroquinone and is received as a 
brown, viscous liquid. The monomer solution was therefore distilled under vacuum 
before use. A distillation was performed using a 100 mL round bottom flask for the 
monomer and a 50 mL round bottom flask as the collection flask. A short path 
condenser was used for the distillation, performed under vacuum. The distilled 
product was stored under nitrogen and kept in the freezer.
Preparation of HEMA Hvdrogel Membranes
To prepare HEMA hydrogel membranes, the following procedure was used.
Glass microscope slides were soaked in a 1:1 HNC>3:H2SC)4 solution for a couple of 
days to clean them. The glass was silanized with 3-methacryloxpropyItrimethoxy 
silane that would copolymerize with HEMA. To silanize the glass, 0.5% (v/v) o f the 
silane in water was adjusted to pH 3 with glacial acetic acid. Slides were placed 
upright in a recrystallization dish using a plastic spacer in the solution for half an 
hour, while the solution was agitated with a stir bar and stir plate. The slides were 
then left overnight to cure.
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A Teflon coated slide was used as a mold to make hydrogel membranes. Teflon 
tape (78 pm thick) was taped to a glass slide. To make a membrane, one slide would 
have an extra piece of Teflon tape, in which a rectangle was cut. The tape was 
removed from the rectangle leaving a mold that was the thickness of the Teflon tape. 
A slide with one piece of tape was placed on top of the membrane slide once polymer 
solution had been placed in the well. The assembly was held together with binder 
clips and placed under an Hg lamp for 30 minutes to allow the photoinitiated 
polymerization to take place. After 30 minutes, the clips were removed and the slides 
were separated with a membrane formed in the well. This membrane was taken off 
the Teflon coated slide using an exacto knife and tweezers. Hydrogel membranes 
were soaked overnight in water before use.
For the polymerization for HEMA membranes, the following formulation was
used:
10 mL HEMA
69 pi Ethylene glycol dimethacrylate 
0.2 g 2,2-Dimethoxy-2-phenylacetophenone
The initiator was stirred in the monomer and crosslinker solution until dissolved.
This solution was placed in a container covered in aluminum foil and stored in the
freezer.
Preparation of HYPAN membranes
HYPAN membranes were prepared using a variation of the method used to 
prepare membranes described. Glass slides were used, but were not covered in 
Teflon tape. This is due to the fact that the HYPAN membranes float off the glass 
after hydration with water. The microscope glass slide was covered with Teflon tape,
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however, to aid in creating a reproducibly sized mold. The tape was placed on the 
slide and a well was cut out in the center with a thickness determined by the width of 
the Teflon tape. Tape with a thickness of 76 pm was used to prepare all HYPAN 
membranes.
HYPAN membranes were prepared by placing a small line o f HYPAN copolymer 
solution in DMSO on the edge of the glass slide. A glass cover slip was used to pull 
the solution down across the slide to fill the well. Excess mixture was removed and 
the whole slide was placed in a petri dish with a small amount o f water. A cover was 
placed on top of the petri dish and the membrane was allowed to hydrate. It was 
typically observed that floating the glass slide on some water resulted in a hydrated 
membrane within minutes. This approach was better than just covering the 
membrane with water that resulted in nonuniform, amorphous membranes. 
Membranes produced by relatively slow hydration were smooth and transparent.
To test these membranes in the Cary 5 UV-Vis Spectrophotometer, they were 
floated over the hole in an open membrane holder, smoothed out, and then locked in 
place. This process was all done under water in a petri dish. The excess hydrogel 
was then cut away with either an exacto knife or a razor blade. The hydrogel is very 
hard to cut and care must be taken in removing the excess that the exposed membrane 
in the holder remains straight. Creases or holes in the membranes will result in 
erroneous results due to the fact that they scatter light that should be reaching the 
detector. Once the membrane was flat, it was placed in a cuvette with the appropriate 
buffer and tested.
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Measuring the Refractive Indices of HYPAN Membranes
The refractive indices of the different HYPANs were measured with a Bausch and
Lomb Abbe Refractometer. Membranes of HYPAN solutions were prepared as
described above. These membranes were placed over the quartz holder in the
refractometer and care was taken in shutting the piece to determine the refractive
index. This was not a trivial experiment. Again, the membrane had to be very flat
and smooth on the quartz to get a reliable reading.
Dispersion Polym erization
The dispersion polymerizations were carried out by placing the solvents and a stir
bar in a round bottom three-neck flask. Stabilizer was added and stirred until
complete dissolution. Then monomer, and in some cases, crosslinker were added to
the flask via syringe. The flask was placed in a water bath and purged with nitrogen
for 20 minutes. Initiator was added to the flask, and polymerization was started. For
most systems, either latex was formed or coagulation occurred within 15 minutes. A
typical formulation for a vinyl pyridine dispersion is as follows:
100 mL solvent 
15 % wt/wt stabilizer 
25 % wt/wt monomer 
2 % wt/wt initiator 
2 % mo l/mol crosslinker
A schematic o f the apparatus used for the dispersion polymerizations is shown in
Figure 3-1. Constant temperature is maintained with the use of mineral oil as the top
layer of the H2O bath. The H2O bath is heated to the desired temperature and the
three-neck flask is immersed in the H2O bath to initiate polymerization.
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APPARATUS FOR DISPERSION POLYMERIZATION
sealed 
three 






FIGURE 3-1: Apparatus used for dispersion polymerizations
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thermometer
Successful formulations were polymerized for several hours, maintaining constant 
temperature and stirring. After polymerization, particles were cleaned three times by 
resuspending them in an appropriate solvent, centrifuging, and sonicating. Some 
particles were dried for an SEM. The remainder of the particles were suspended in 
solvent and stored in the refrigerator.
VBC Monomer Solution for Sensing Laver Experiments
A monomer solution was prepared for use with the silanized optical fibers. Initial 
attempts for this tip-to-tip method of attachment, discussed in Chapter 6, used the 
monomer vinyl benzyl chloride. A solution was made up containing monomer, 
initiator, crosslinker, plasticizer and porogenic solvent. At the time o f this work, 
membranes, not particles, were being prepared for the sensing layer. The formulation 
used for the polymer solution was:
5 mL VBC
2 mL Xylene (40% v/v)
180 mL DVB (2 % mol/mol monomer)
0.11 g Kraton G1652 (2% w/w)
40 mg 2,2-Dimethoxy-2-phenylacetophenone (2% w/w)
When perylene was added as a fluorophore to aid in viewing the polymer layers, a
0.004 M solution was prepared by dissolving perylene in toluene. The structure of
reagents is shown in Figure 3-2. A portion of this solution was taken and added to the
polymerization mixture to give a final concentration of perylene approximately IxlO'5
M. The solution appears yellow in visible light, but was blue under a UV lamp.
Derivatization of VBC Polymer Membranes
To provide pH functionality in a polymer membrane made of VBC, the polymer can 
be derivatized with an amine group. The reaction is shown in Figure 3-3. This
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perylene poly (vinylbenzyi chloride)
OCH3
^ - C H ,  —  o —  C  y
o c h 3
2,2-dimethoxy-2-phenylacetophenone
C H =C H 2
SSS-EBEBEBEBEBEB-SSS
KratonG1652 
S= polystyrene endblocks 
Divmylbenzene = ethylene-butylene
FIGURE 3-2: Structure of reagents used to synthesize a VBC polymer
membrane
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DERIVATIZATION OF POLY (VBO WITH DIETHANOLAMINE 













FIGURE 3-3; Derivatization of poiy(VBC) with diethanolamine to provide pH
functionality
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was accomplished by placing a poly VBC membrane in a diethanolamine (25% v/v) 
solution for approximately two days. The solution also contained 1,4-dioxane to 
swell the polymer to increase the efficiency of the derivatization. After the two days, 
the membrane was soaked in 0.1M HC1 and rinsed with water several times to 
remove unreacted diethanolamine.
Attaching Connectors to Optical Fiber
Various types o f  connectors are available for use on optical fiber. These 
connectors allow two pieces of optical fiber to be coupled to each other. In this 
research 905 and 906 SMA connectors were used. The connectors are placed on the 
distal end of an optical fiber with epoxy. The two types of connectors can be mated 
with a 905 to 906 coupler, which is supplied with the connectors, and some refractive 
index mating gel. The ferrule in the connector is custom bored to accommodate one 
of many core/cladding sizes. For this work, connectors drilled to 140 pm and 230 pm 
were used. A schematic of these two types of connectors is shown in Figure 3-4.
To attach a connector to an optical fiber, any support material, such as jackets and 
buffers needs to be removed. The buffer of the optical fiber is removed with an 
optical fiber stripper. A plastic elbow and a crimp tube are threaded onto the optical 
fiber. The bare optical fiber is threaded through the ferrule of the connector until the 
distal end is protruding out of the ferrule. Once the bare fiber can be seen protruding 
out of the connector, epoxy is injected into the connector with a syringe. The 
injection is continued until a small bead of epoxy is present on the top of the ferrule, 
surrounding the optical fiber. Once the bead is seen, the syringe is pulled out while
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SCHEMATIC OF A 905 AND 906 OPTICAL FIBER CONNECTOR
optical fiber
906 SMA Connector 905 SMA Connector
FIGURE 3-4: 905 and 906 optical fiber connectors
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dispensing epoxy. The connector and fiber is left overnight to cure the epoxy. The
following day, the crimp tube on the optical fiber is crimped onto the end of the
connector with a crimp tool. The plastic elbow slides over the end of the crimp tube.
Once this is done, the connector is ready for polishing.
Polishing of Bare Optical Fibers
The majority of the optical fibers, either bare or connectorized, were polished by
hand. Optical fibers need to be polished, especially after cutting, to provide a smooth,
flat surface. Any imperfections will .affect the fiber’s ability to transmit light or
couple to another optical fiber. Optical fibers are polished by hand with lapping film,
moving the fiber in a figure 8 pattern. A figure 8 pattern is used to reduce beveling in
the fiber tip. Lapping film is a film used to polish optical fibers. It is available in
many different grades and is similar to fine sand paper. The lapping films used in this
work were 30, 15, 12,9, 5, 3, I, and 0.3 pm. The micron size is indicative of the
space between the particles on the lapping film. The finest lapping film used was 0.3
pm and the coarsest was 30 pm. To learn how to polish bare optical fibers by hand,
different combinations of different grades of lapping films were tried. After a
polishing step, the optical fiber was viewed with a light microscope to gauge the
progress. After experimenting with many various polishing schemes, it was
determined that for polishing bare optical fiber by hand, a combination of:
25 figure 8’s -  30 pm lapping film 
25 figure 8’s -  15 pm lapping film 
10 figure 8’s -  3 pm lapping film
worked best. This pattern was used for the various types of optical fiber used in this
work, including both step or graded index.
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Manual Polishing of Connectorized Fiber
Once a connector has been placed on the distal end of an optical fiber as
mentioned above, it needs to be polished. To polish a connectorized fiber, part of the
optical fiber protruding out o f the connector is cut down. This is best accomplished
with an optical fiber carbide cleaver or diamond cleaver. Optical fiber must still
protrude from the connector after this step; otherwise, the optical fiber is probably
broken in the ferrule and cannot be polished. For the first polish, a high grit sand
paper was used to remove most of the epoxy present on the connector. The
connectorized fiber was then polished in a figure 8 motion using lapping film. The
following procedure was developed for polishing connectorized fiber:
8 figure 8’s -  high-grade paper (300 pm)
10 figure 8’s -3 0  pm 
10 figure 8’s -  15 pm 
10 figure 8’s - 9  pm 
8 figure 8’s -  5 pm 
8 figure 8’s -  3 pm 
6 figure 8’s -  1 pm 
6 figure 8’s -0 .1  pm
After each polishing step, the polished end of the connector was viewed with a hand
held microscope for optical fiber connectors: First, it was determined if a good polish
had resulted with the hand held scope. Then, especially if a long length of fiber was
used, the propagation of light was checked by placing a red LED on one end of the
optical fiber and viewing the other end. Once it was confirmed that the fiber
transmitted light, it was ready to use.
Polishing Bare Optical Fiber with An Angle Polish
Manually polishing a bare optical fiber to an angle is an extremely difficult
process. This is due to the fact that it is extremely hard to cleave a bare optical fiber
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to an angle. If the fiber is cleaved flat and then angled by polishing with various 
lapping films, it was seen that the cladding would be polished off down the length of 
the fiber. It was possible to cleave the fiber at an angle and not polish, but this was 
very hard and only successful after numerous attempts. The angled fibers used in this 
work were mainly connectorized types. It was possible, however, to polish a bare 
fiber to an angle relatively easily with the automatic polishing machine.
Polishing Optical Fibers with An Automatic Polisher
An automatic fiber polisher was purchased for $3000 from Ultra Tec 
Manufacturing. This polisher uses a chuck for the fiber that secures the fiber into a 
rotating arm. This arm rotates the fiber in a circular motion over different polishing 
films. Two different plates were purchased with the polisher, one for polishing 
connectorized fibers, the other for polishing bare fiber. The plate for bare fiber was 
covered in a soft material to prevent the fiber from breaking off in the chuck. 
Different chucks were purchased for the polisher to allow 905 and 906 SMA 
connectors to be polished flat or angled. Chucks were also ordered that allowed bare 
fiber to be polished flat or to an 8-degree angle. A 200 gram weight was used in the 
first polishing step with 9 pm silicon carbide lapping film to grind off any excess 
epoxy.
The polisher was used as per the manufacturer’s specifications that can be found 
in the polisher manual. Basically, the connector is polished with different grades of 
diamond lapping film for a set time. Bare fiber polishing uses aluminum oxide 
lapping film for a set time. Water is used in each polishing step except for the last.
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The last polishing step uses “Ultrafilm B” solution, a gritty, somewhat viscous liquid 
that hones the last polish.
The automatic polisher works very well with bare fiber. It polishes bare fiber 
with a flat or angled polished, quickly and easily. The researcher could polish 
connectorized fiber better by hand. The automatic polisher, however, did polish the 
connectorized fiber quite well, too.
Angled Connector Fabrication and Polishing
The 905 and 906 SMA connectors were polished to 8, 15, 30, and 45 degrees 
from the flat surface (Figure 3-5) by the Machine Shop (Kingsbury Hall, University 
of New Hampshire). Angles above 60 degrees resulted in the ferrule being 
compromised and unusable for connecting. Optical fiber connectors can also be 
polished to an 8-degree angle using the automatic polishing machine.
To attach an angled connector to an optical fiber, the buffer on the end of the fiber 
was stripped and the fiber was passed through the end of the connector. It was 
observed, however, that the ferrule in the angled connector could become clogged 
with filings from the polishing of the connector. The optical fiber would then not 
pass through the end o f the connector. To clear the ferrule of the filing material, 
canned air and piano wire were used to open the ferrule. Sometimes the tip of an 
exacto knife was also used to clear the hole, under the light microscope. Care was 
taken not to scratch the end of the connector. Once the ferrule was clear, the optical 
fiber was threaded through after an elbow and a crimp tube were threaded on the 
fiber. Epoxy was syringed in the ferrule until a large bead was present on the end of 
the connector and then pulled out of the connector. The epoxy was cured for 24
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SCHEMATIC OF AN ANGLED OPTICAL FIBER
flat polished fiber angled polished fiber
specified angle - 
either 8,15,30, or 
45 degrees
FIGURE 3-5: Schematic o f an angled optical fiber
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hours and the connector was set the next day. The crimp tube was put in place with 
the crimp tool, and the connector was ready to be polished.
Connectorized angled fiber were polished by hand, using the same scheme for flat 
connectorized fiber, taking care to keep the connector at the specified angle. Using 
the figure 8 pattern on various lapping films polished off the epoxy. Angled 
connectors could not be viewed under the handheld microscope to inspect the 
polishing process. Angled connectors were therefore usually polished by monitoring 
the instrument response after each grade of lapping film. As the grade of the lapping 
film became finer, the background noise signal received from the end of the 
connector decreased. This is in contrast to a flat polished connector where the 
background signal increases with the finer grades of the lapping film.
f
Mating Two Connectorized Optical Fibers
To connect two connectorized optical fibers, the following procedure was used. 
First, a plastic 905-906 connector was placed over the end of one fiber. Then, a small 
amount o f refractive index matching gel was placing inside the cup of the connector. 
A plastic mating sleeve was screwed onto the SMA connector of one fiber, and then 
the other SMA connector was threaded into the other side. Care must be taken when 
placing the connectors onto the sleeve. Although the sleeve is threaded to aid in the 
placement o f the connector, it is possible to misalign the two connectors in the sleeve. 
When the connection is misaligned, the light transfers between the optical fibers with 
poor efficiency. If  a connection is poor, it can be detected as low transmitted 
intensity on the Lab View Panel or an oscilloscope.
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Etching of Optical Fibers
Short lengths of optical fibers, on the order of 10 cm, were used for etching 
experiments by first stripping off about 2 cm of the buffer at the distal end. These 
fibers were hand polished to a flat surface and acid washed in 2 M HC1. The fibers 
were mounted with Miller-Stephenson 907 Epoxy into an automatic pipet disposal tip 
as a protective holder. Fibers were etched in a solution of 49% HF for a specific 
amount of time monitored with a stopwatch, rinsed with water, and then left to air 
dry. The tip of the optical fiber was then viewed using scanning electron microscopy. 
Silanization of Optical Fibers
Bare, flat polished optical fiber was silanized prior to placement in a XYZ 
translator, to be discussed in Chapter 6. The optical fiber that was to be used for a 
sensor was silanized with vinyltrimethoxy silane oligomer to provide an anchor for a 
polymer layer. To silanize the optical fiber with this silane, the tips o f the optical 
fibers were cleaned in 2 M HC1 by boiling the tips for approximately 2 hours. Optical 
fibers were clamped above a 25 mL Erlenmeyer flask containing 2 M HC1 and some 
boiling chips. The fibers were clamped in such a way that only the polished tips of 
bare optical fiber was in the acid solution. The flask was covered with aluminum foil 
and boiled for 2 hours. The fibers were rinsed with distilled water after the 2 hours 
and then ready for silanization. In a 25 mL Erlenmeyer flask, toluene was added with 
20% (v/v) of the vinyltrimethoxysilane. Once again the fibers were clamped above 
the flask with Just the polished tips in the silane solution. The silane solution with the 
optical fibers was boiled for 6 hours. After the six hours, the fibers were rinsed with
62
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
distilled water and positioned in the XYZ translator for attachment of a polymer 
layer.
To provide a hydrophobic layer on the optical fiber, chlorotrimethyl silane was 
silanized onto a bare, polished fiber. The procedure for this silanization was the same 
for the silane oligomer mentioned above. A 20% (v/v) mixture in toluene was 
prepared and used for silanization after the optical fiber tips had been cleaned in 2 M 
HC1.
To provide also a hydrophobic layer on the optical fiber used aiding in the 
placement of a polymer drop, a product called Glass Clad™ was used. This product is 
a methylsilicone resin that covalently bonds with glass and is typically used as a 
protective coating. It was applied to the optical fiber by dipcoating and cured in an 
oven at 150° C for one hour. Also tried was a product from Miller-Stephenson called 
TFE Release Dry Lubricant Agent. This product is similar to PAM™. It was desired 
to provide a surface that the polymer would not stick to. This product was sprayed 
onto the optical fibers and allowed to dry. They were then used for experimentation. 
Preparation of Milk Standards
Solutions of varying volumes of milk were used to model a turbid solution. These 
solutions were tested with the instrument to monitor the change in response versus 
turbidity. Solutions were prepared (v/v) with 100,40,20,4,2,0.4,0.2 and 0% 
whole, skim and 1% milk using a 100 mL volumetric flask. The solutions were 
placed in a rinsed, 2 mL beaker. The beaker was brought in contact with the distal 
end of the optical fiber on the 300 or 500-meter arm, and the response was monitored.
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Preparation o f Solutions of Various Refractive Indices using KI
Solutions of varying concentration o f potassium iodide (KI) were prepared 
volumetrically using solid KI and distilled water. A total volume of 100 mL 6.30 M 
KI was prepared and further diluted to 5.5,4.3, 2.7, 1.5,1.0 and 0.5 M KI. The 
refractive indices of the prepared solutions were measured with a Bausch and Lomb 
Abbe Refractometer.
Preparation o f Optica! Fiber Sensors Using a  905 to 906 M ating Sleeve
A method for testing polymer particles synthesized by the research group was 
devised by Mike Civiello and discussed in his thesis.62 In summary, a 906 SMA 
connector was placed on the end of the 300 and 500 meters of fiber. A small washer 
with a thickness of approximately 372 pm was placed over the connector. A plastic 
905 to 906 mating sleeve was then placed on top of the connector. The inside of the 
mating sleeve was scratched with an exacto knife to aid in the polymer layer adhesion 
in the well. When the whole assembly was pushed together, a small well resulted on 
top of the connector, whose thickness is equal to that of the washer. A schematic of 
this process can be found in Figure 3-6. Although this thickness is much larger than 
the thickness of the membranes to be used in the future, it was adequate for testing 
particles.
Preparation  o f a PVA Sensor
To prepare a PVA sensor, 1 mL of 5% PVA and 50 pi of glutaldehyde was 
sonicated with the appropriate weight percent o f particles until the particles were 
suspended in the PVA solution. Then, 50 pi o f 4 M HC1 was added and a portion of 
this solution was quickly placed in the well on top of the connector. Any excess
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FIGURE 3-6: Schematic o f cup sensor assembled from a 906 SMA connector,
washer, and  m ating sleeve
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above the connector was scraped off and the polymerization was complete within 
minutes. The connector was kept in an upright position due to the fact that Li Zhang 
had observed that the beads tend to settle down during the polymerization.116 This 
would allow the beads to come in closer contact with the distal end o f the optical 
fiber. The whole connector assembly was then placed in a vial of water and stored in 
water. If a PVA sensor is out of water for any long amount of time, it dehydrates, 
shrinks and falls out of the well.
HEM A C ud Sensors
Membranes made of poIy(HEMA) were also tried on the instrument using the cup 
sensor design. The same poly(HEMA) solution used for membrane preparation was 
also used for the cup sensors. A drop of this solution with particles was placed in the 
cup, and a Hg lamp enclosed in a black box was placed over the two connectors. The 
polymerizations took about twenty minutes for completion. Completion of the 
polymerization was checked by placing a glass slide over the cup and seeing if any 
tackiness was noticed. The HEMA sensors were also polymerized in an inverted 
fashion. After polymerization, the sensors were soaked in water over night and then 
used for further testing.
HYP AN C ud Sensor P reparation
Hydrogel sensors using HYP AN were fabricated by placing the appropriate 
volume o f beads into a known volume o f HYP AN. The viscous mixture was stirred 
vigorously with a stirring rod; it was too viscous for sonication. A drop of this 
mixture was placed into the cup sensor well, and the excess was scraped off. A drop
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of water was placed on top of the connector to cause the hydrogel to form. The 
connectors were then placed in water and the sensors were ready for use.
Characterization
Scanning Electron M icroscopy
Polymer products were characterized first by obtaining a scanning electron 
micrograph (SEM) of the product. The SEMs were taken using an Amray 3300FE 
Scanning Electron Microscope (University o f New Hampshire Instrumentation 
Center). Micrographs were taken of the surface of the polymer microspheres. The 
beads were prepared by placing them on a stub and coating the surface of the beads 
with a layer of sputter coated gold/palladium. Nancy Cherim o f the University of 
New Hampshire Instrumentation Center performed most of the scanning electron 
microscopy.
Light Microscopy
Some polymer products were also examined by using a Zeiss High Powered 
Light Microscope (Fenris Technologies, Portsmouth, NH). A drop of a suspended 
sample was placed on a microscope slide and allow to dry. A drop of oil was placed 
on top of the sample and smeared with a cover slip. Excess sample was removed and 
the sample was viewed at low magnification. Once focused, a drop of oil was placed 
on top of the cover slip and viewed at 400X.
UV-Vis Spectroscopy
Successful polymer microspheres were suspended in hydrogel membranes. These 
membranes were placed in buffers of varying pH and were scanned for absorbance 
using the Varian Cary 5 UV-Vis Spectrophotometer.
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Membranes were placed in a membrane holder built by the University Machine 
Shop (Morse Hall, University of New Hampshire). This holder fits in a I cm plastic 
cuvette, which was used for all spectroscopy measurements. A reference cuvette 
containing a membrane holder and the appropriate buffer was used. Buffers of 
varying pH were placed in the sample cuvette, and the absorbance of the membranes 
was measured from 400 to 1000 run.
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CHAPTER 4
Design. Development, and Utilization o f Instrum entation for 
Rem ote O ptical F iber Sensing
Introduction
This chapter discusses the use and improvement of the instrument previously built 
by Mike Civiello for remote optical fiber sensing.62 This instrument was built to 
detect the change in reflected light from polymeric membranes at the ends of long 
lengths of optical fibers. A main objective in building the instrument was to keep the 
overall cost of the components down. A large portion of the cost was for a computer 
and Lab View accessories to run the instrument and detect the signals. A schematic 
o f the instrument is shown in Figure 4-1.
The original instrument design resulted in a waveform with a low peak signal 
superimposed on a much larger background. The components used in the instrument 
design will be discussed first. The procedure for measuring the reflected intensities 
with the instrument is presented. A major goal of the work described here was to 
make the instrument operational at a longer wavelength, 1310 nm, than the original 
834 nm. The motivation for this was to improve the signal to noise ratio. The 
development and operation of the instrument at 1310 nm will be presented. The 
connectors used on the distal end of the optical fiber were modified to improve the 
quality of the signal. Response was characterized using milk and KI solutions. 
Different types of fiber were also evaluated from those used in the Civiello 
instrument. The signal to noise ratio for remote sensing was improved by the
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SCHEM ATIC O F INSTRUM ENT FO R  REM O TE O PTICA L FIBER 
SENSING BASED ON PO LY M ER  SW ELLING
□
Laser Diode









300 meters optical 
fiber
fiber/air interface 
Additional Sensor Tip or 
Reference Tip
FIGURE 4-1 ; Schematic o f instrum entation for rem ote optical fiber sensing
based on polym er swelling
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approaches developed in this chapter. Once the instrument was characterized, it was 
ready to be coupled to polymer membranes. (Chapter 6)
Instrum ental Com ponent Consideration and  Development 
B ackground; How the Instrum ent W orks
The instrument for remote sensing is designed to detect the change in reflectance 
at the distal end of two long lengths of optical fiber. The two fibers differ in length 
because it allows for the resolution of the two back-reflected signals by differences in 
the transit time of light through the fiber. In our case, the transit times were 3.0 ps in 
the 300 meter fiber and 5.0 ps in the 500 meter fiber.
Light was pulsed and launched into the input of a 2x2 fused silica coupler 
with a split ratio of 75/25. The light source was a laser diode driven by a pulse 
generator. A 785 and 834 nm laser diode was installed in the original instrument. A 
2x2 fused silica coupler splits the pulse of laser light from the laser and directs it into 
the two long lengths of optical fibers. Light was reflected back from the distal end of 
the optical fibers and was detected at a photodiode detector. Two pin photodiodes 
with different active areas, 5.0 mm2 and 0.8 mm2, were installed in the instrument. 
The two photodiodes operate the same way, but the different sizes of the active areas 
affect the detector’s response. The 5.0 mm2 photodiode will collect more light, but 
has a longer rise time and higher dark current. The 0.8 mm2 photodiode will collect 
less light relative to the 5.0 mm2, but the rise time and dark current are shorter. Both 
detectors had the same responsitivity, 0.9 V/W. With the 0.8 mm2, it was possible 
that not all the light emerging from the coupler would reach the detector, but the time 
for detection would be shorter. The time for detection would be shorter due to the
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fact that the rise time of the smaller active area detector is shorter than the larger 
detector. With the 5.0 mm2 detector, however, most of the light from the coupler 
would be detected, but would take longer. The rise times and bandwidths of the 
detectors were different The 5.0 mm2 active area detector had a rise time of 35 ns and 
bandwidth of 10 MHz. The 0.8 mm2 active area detector had a rise time of 28 ns and 
a bandwidth of 12 MHz. A 10-pin socket was fitted with a circuit built by Mike 
Civiello62 according to the manufacturer’s standards to allow two photodiodes to be 
interchanged.
A 1 ps pulse was launched from the laser every 30 ps. Light was reflected at the 
interface between the laser and the 2x2 coupler. This reflected light returns into the 
laser diode cavity and can cause stimulated emission. This results in instability in the 
laser signal. By waiting approximately 30 ps before the next pulse is launched, the 
back reflections have dissipated before a new pulse is emitted. Instead of waiting 30 
ps, it is possible to use a laser diode-to-fiber coupler with a built in optical isolator to 
reduce the effect of back reflections. This could probably improve the signal to noise 
ratio, as well. This type of coupler, however, is quite expensive and not required for 
our application. A pulse width of 1 ps was found to be advantageous with this 
instrument. It allows the peaks to be resolved with time with a relatively small 
standard deviation in the peak intensity measurement. As the pulse width was 
shortened, the peak heights decreased and the calculated standard deviations 
increased.
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Instrum ental Components
Specific information about the instrument components, including installation and 
purchase price, can be found in the thesis o f Michael Civiello.62 Information about 
new components installed in the instrument is described below.
1310 nm  L aser Diode
A laser diode system similar to the 785 and 834 nm system was purchased from 
Power Technologies, Inc. (Model No. SPMT5 (1310-5)Flx22) The same model of 
laser diode was purchased, but was only available with an output of 5 mW at 1310 
nm. This is considerably less than the other sources (30 and 40 mW). However, 
since the attenuation in the fiber at 1310 nm is lower compared to 834 nm, the loss of 
power was not a hindrance. In investigating the purchase of a laser diode at 1310 nm, 
it was observed that the typical available output powers were 2,3 or 5 mW. A 30 
mW 1310 nm laser diode was advertised for about $1500 but it was unavailable when 
inquired about. Among the laser diodes in the 1-5 mW range, Power Technologies, 
Inc. had by far the lowest price. The style o f laser diode systems purchased for all 
sources used in this work includes a laser diode driver, SMA connection and 3A  turn 
potentiostat. To power the laser diode, the appropriate leads were soldered to the 
posts of a ±5 V power supply (Sola DC Power Supplies, Model No. SLS-05-030-1 - 
Newark Electronics) that was bolted down into the metal housing for the laser diodes. 
There is a fuse between the outlet cord and power supply. The 785 nm laser was 
removed. A new switch was installed by drilling a hole into the metal housing and 
soldering the appropriate leads to the switch from the power supply. The total price 
for the 1310 nm laser was $650.
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The 785 and 834 nm laser diodes also used in this work had slightly different 
output powers compared to the 1310 nm and cost $450 and $550, respectively. The 
785 nm laser diode had an output power o f 30 mW and the 834 nm laser had an 
output o f 40 mW.
O ptical F iber C oupler/Splitter
A 2x2 fused silica optical fiber coupler was used to split the light from the laser 
into two signals that were connected to two long lengths of fiber. This coupler can be 
used with any three o f the laser diodes, provided 100/140 pm graded index fiber is 
also used in the instrument.
Step index fiber was also evaluated in the instrument due to the results of 
chemical etching experiments to be discussed in Chapter 5. Because the optical fiber 
used in the coupler needed to be similar to the fiber used in the instrument, a 2x2 
coupler was purchased with step index fiber of core/cladding size 200/230 pm. The 
ends of the coupler were terminated with 906 SMA connectors and the split ratio of 
the coupler was again 75/25, with the red plastic jacketed fiber indicating 75 %. This 
coupler was purchased from Fiber Optic Network Technology (Vancouver, BC, 
Canada) for approximately $400.
O ptical F iber
The optical fiber that was used in the instrument for the majority of the 
experiments was purchased from Spectran Quality Optics (Model No. ACU- 
MC100C). It was the 100/140 pm multimode optical fiber that was discussed in 
Chapter 3. A total o f 1,100 meters was purchased on a spool; 300 and 500 meters 
were spooled onto other reels for use in the instrument. Step index optical fiber
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(Model No. FT-200-EMT) was purchased from 3-M Fiber Optics, and spooled to 300 
and 500 meters.
Longer W avelength Detectors
A new detector was needed for the 1310 nm laser. It was observed that two 
materials were primarily available for the detection of light at 1310 nm, Ge and a mix 
of In, Ga and As. The Ge diodes were considerably less expensive, but were found to 
be extremely noisy. Since our light signal is relatively low, it was decided to go with 
a more expensive InGaAs photodiode. The InGaAs detector was purchased from 
Thor Labs (Newton, NJ). This detector was Model No. PDA400 pin photodiode with 
a switchable gain, amplified detector with a voltage output. The detector head was 
mounted with a five-position rotary switch that allows the operator to vary the gain of 
the detector from 1.5 x 104 to 1.5xl06 V/A in 10 dB increments. The housing also 
included a removable threaded coupler that permitted the attachment of a SMA fiber 
optic connector. This meant no additional photodiode-to-fiber coupler was needed.
A ±12 V power supply was acquired for use with the detector. The active diameter of 
the InGaAs window was 1.0 mm2, the bandwidth was 10 MHz and the responsitivity 
of the detector was 0.95 A/W at 1550 nm.
Lab View V irtual Instrum ent Panel
A Lab View Virtual Instrument panel designed by Mike Civiello62 was used to 
operate the instrument and collect data. The Lab View panel is a user-friendly virtual 
instrument with switches and buttons that are controlled by clicking on them with a 
mouse. A picture of the panel can be seen in Figure 4-2. The panel itself is made up 
of sub-virtual instruments, which are wired together to produce the final instrument.
75
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
PICTU RE O F LAB VIEW  PANEL USED TO RUN 
INSTRUM ENTATION FOR REM O TE SENSING
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FIGURE 4-2: Picture o f Lab View panel used to run 
instrum entation for rem ote sensing
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^
instrument acquires data in a fashion similar to that of an oscilloscope. A signal is 
detected proportional to the reflected intensity of light with time. This information 
was acquired by triggering on the laser pulse many times while varying the time 
interval between the pulse and data acquisition. The intensity of reflected light was 
measured at a single time for each pulse measured. The reason for this is that the data 
acquisition rate for the detection system was too slow to measure a complete 
intensity- time curve for a single laser pulse. For each time intensity curve, 
approximately 233 points were sampled. The data from 100 intensity curves were 
collected in 7 seconds. One curve was measured every 70 milliseconds with 
approximately 30 (xs between laser pulses. The instrument panel allows the user to 
choose how many waveforms will be sampled and averaged together to provide one 
waveform. Typically, 100 waveforms were averaged, and this average was displayed 
on the voltage graph approximately every 7 seconds. The Lab View panel also 
allows the user to measure peak heights by placing cursors on the tops of the peaks 
from the 300 and 500 meters of fiber.
The Lab View panel in Figure 4-2 was used to run the instrument and collect data. 
The data collection is initiated by pressing the run button. The top display on the 
panel is the voltage graph. The display shows the resulting reflected intensity versus 
time from the average of 100 samples. The bottom display is used to monitor the 
change in peak intensity with time. By turning the appropriate cursors on, different 
peak heights can be monitored with time. The cursor panel on the far right of the lab 
view panel shows the measured voltage at each cursor with time. On the left side of 
the panel, it is possible to change the trigger level for data collection, as well as the
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input limits and the number o f waveforms to average. The bottom of the panel allows 
the user to adjust the sampling scan rate and use an integration program to find the 
area under the resulting peaks in the reflected intensity waveform.
Taking A  M easnrem ent w ith the Instrum ent 
Instrum ent O peration
To take measurements with the instrument, the pulse generator was turned on and 
allowed to warm up for at least two hours. The laser diodes were also turned on and 
allowed to warm up for at least four hours. The pulse generator was kept at the 
settings required to produce a 1 (is wide pulse every 30 ps. The photodiode power 
supply was turned on when the other components had warmed up. Then the run 
button on the Lab View panel was clicked to start data collection. Once complete, the 
stop button was pushed, and the panel prompted the user to save two files of data.
One file is the intensity versus time data; the other is the voltage from cursors 5,6,9, 
and 10 with time. When 300 and 500 meters of fiber were used in the instrument 
when the laser pulsed with a width of 1 ps every 30 ps, the data collected at cursor 5 
were the peak intensity of peak 2. The data collected at cursor 9 were the peak 
intensity of peak 3 with time. The voltage measured at these cursors was the average 
intensity calculated from 100 waveforms and was displayed in the cursor voltage 
display on the Lab View Panel approximately every 7 seconds.
Typical O u tpu t G enerated F rom  the Instrum ent
A typical intensity time curve is shown in Figure 4-3. It was produced by the 
reflections from 300 and 500 meters of 100/140 pm graded index optical fiber. The 
ends of the optical fiber were connectorized, but polished poorly. The data for the
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RESPONSE O F INSTRUM ENT -  INTENSITY TIM E CURVE
PRODUCED FROM  REFLECTIO N  FROM  300 AND 500 M ETERS O F
FIBER
Response (V) vs. Time (sec) 
poorly polished connectors in w ater
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FIGURE 4-3: Sample from  instrum ent — intensity-time curve produced 
from reflection from  300 and 500 m eters o f fiber
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intensity-time curve were transferred from Lab View and graphed using Excel. 
Because the produced intensity-time curve is the average of 100 waveforms, the 
standard deviation of the waveform can be calculated. This is also shown in Figure 4- 
3. It is typically observed that the standard deviation of the peak intensity at 834 nm 
was typically between 0.1 % and 1.0 % of the reflected signal. Also, the standard 
deviation rose when intensity was increasing or decreasing. The important standard 
deviation for remote sensing was for the intensities at the top of the peaks for light 
reflected from the two lengths of fiber.
Also seen in Figure 4-3 is the appearance of three peaks in the observed intensity 
time curve, not two, as expected. The second and third peaks are light reflected back 
from 300 and 500 meters of fiber, respectively. The first peak is a background peak 
that results from reflection at the SMA connectors used to connect the coupler and the 
two long lengths of fiber. Rayleigh scattering of light in the fiber also contributes to 
the background signal.
Intensitv-Tim e Carves Produced a t 785 and 834 nm
As previously mentioned, the instrument was built with both 834 and 785 nm lasers 
installed. There were also two Si detectors available, with active areas of 5.0 mm2 
and 0.8 mm2. Based on Civiello’s work,62 it was observed that the 834 nm laser with 
the 5.0 mm2 detector gave the strongest signals. When the 785 nm laser was used in 
the instrument, peak voltages decreased became fiber attenuation was higher at 785 
nm and the power of the laser was lower. There was not much difference, however, 
between the two different sized detectors. It was thought that the 5.0 mm2 detector 
would capture more light due to its larger size. Due to the fact, however, that the
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
signals obtained with both detectors were very similar, it was thought that the light 
reaching the detector from the optical fiber was concentrated mostly on the center of 
the active area of the detector. The bandwidth of the 0.8 mm2 detector, however, is 
greater than the 5.0 mm2 detector and could be responsible for the lack o f difference 
in response between the two detectors. The different intensity time curves from the 
various sources and detectors are shown in Figure 4-4. The two waveforms produced 
at 834 nm are very similar. The small peak appearing before the first background 
peak was not due to reflected light but was an artifact associated with triggering. The 
observed voltages from the 5.0 and 0.8 mm detectors for peak two were 0.1031 V 
and 0.0701 V, respectively, and the voltages for peak three were 0.0888 V and 0.0577 
V. The standard deviations associated with these voltages were all on the order of 2 x 
1C4 V. The intensity of peak 2 with the 785 nm laser with the 5.0 mm2 detector was 
0.0930 V; the intensity of peak 3 was 0.0610 V. These voltages were lower than the 
voltages observed at 834 nm. The standard deviations calculated for the peak 
intensities of peak 2 and 3 at 785 nm were 7 x 1 c 4 and 5 xlC4 V, respectively.
These were higher than the standard deviations observed at 834 nm. Although there 
are not big differences between source/detector combinations, the small differences 
were in the expected direction. Due to these results, the 834 nm laser with the 5.0 
mm2 detector was used for most experiments; the intensities of the peaks were higher 
and the associated standard deviation for the intensity was lower. They also show 
why it was desirable to install a longer wavelength laser in the instrument; although 
intensity peaks are evident, the background is relatively large.
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Instrumental Response (V) -  834 nm 
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FIGURE 4-4: Instrum ental response -  834 nm  vs. 785 nm  laser diode source -  0.8 
mm2 and 5.0 mm2 active area detectors -  graded index connectorized fiber in H 2O
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Operation at 1310 nm
It was desired to nm the instrument at a longer wavelength than 834 nm. Since 
our polymer membranes reflect light at all wavelengths, we have flexibility in 
choosing the source wavelength. The wavelength 1310 nm was chosen because it is 
commonly used in the telecommunication industry; there are many components 
available for use at this wavelength. The attenuation in the optical fiber is less at 
1310 nm than 834 nm because Rayleigh scattering is proportional to the inverse of the 
wavelength to the fourth power. As the wavelength increases, the backscattering 
decreases, resulting in lower attenuation in the optical fiber. It also results in an 
intensity-time curve with a lower background from the instrument.
Installation. Characterization and Testing at 1310 nm
The 1310 nm laser was installed into the metal laser housing described earlier and 
tested to confirm that it was functioning properly. The switch was turned on and the 
laser was allowed to warm up for a few minutes. The output was first confirmed with 
an ER. card. A power meter was used to measure the output of the laser directly with a 
pulse rate of lps every 30 ps, the parameters used in the instrument. The output of 
the laser was observed to be approximately 4.5 mW with the above pulse rate. Once 
the 1310 nm laser was determined to be functioning properly, it was then ready for 
use in the instrument.
The response from the detector was originally observed with an oscilloscope. 
Three positive peaks were observed. When the detector was connected to the Lab 
View panel, an inverted waveform was observed due to the polarity of internal 
amplifier in the InGaAs detector. This operation amplifier was used in an integrated
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circuit mounted on the detector head, which converted the current produced by the 
detector to an output voltage. The intensity of the signals was also reduced with 
respect to 834 nm. The reflection from the connector/air interface is significantly 
lower at 1310 nm than 834 nm and the connectors were initially butted against a 
reflective surface to detect signals.
The output of the instrument at 1310 nm was evaluated with an oscilloscope and 
the second and third peaks of the waveform had voltages o f0.700 and 0.040 V, 
respectively, when not against a reflective surface. The width of the peaks was also 
measured with the oscilloscope and was observed to be the same as the pulse from the 
pulse generator (about 1 ps). When aluminum foil was placed again on the ends of 
both connectors, the measured voltages were significantly higher. The voltage for 
peak 2 was 3.28 V and for peak 3, it was 1.44 V. The pulse widths were still on the 
order of 1 ps. This was expected, because the use of a reflective surface on the ends 
of the connectors reflects more light back into the distal end of the optical fiber. The 
response at 1310 nm when the connectors were butted against a reflective surface was 
then measured with the Lab View panel. When hooked up into the Lab View panel, 
however, the observed voltages were inverted, as previously mentioned and decreased 
by a factor of 10. The instrument was characterized at 1310 nm with use of the 
oscilloscope and the Lab View panel.
Effect of Changing Pulse Width at 1310 nm
The effect pulse width of the laser diode at 1310 nm on the intensity-time curve 
was examined by systematically varying the pulse width of the pulse generator. For 
our application, examination of the pulse width is important. The contribution from
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Rayleigh scattering in the noise of the signal was observed to decrease with 
decreasing pulse width.62 The pulses become less sharp, however, as the modulation 
approaches the bandwidth of the laser. Shorter pulse widths would also allow more 
optical fiber sensors to be used in the instrument while still resolving the peaks with 
time.
The effect on the intensity-time curve from varying pulse width was examined 
with both the oscilloscope and the Lab View panel. At 834 nm, it was observed that a 
1 ps pulse width spaced every 30 ps was favorable, i.e., the calculated standard 
deviations for the peak intensities were relatively low. Measurements were taken 
after the instrument was first turned on. The instrument was first tested at 834 nm to 
confirm that the components were working properly. The various pulse width 
measurements were taken about 4 hours later, after the 1310 nm laser and pulse 
generator had warmed up. A difference between the first measurement at 1310 nm 
and a measurement taken four hours later was seen. The voltages of peaks two and 
three had increased, whereas the voltage of peak 1 had decreased. The pulse width of 
the laser diode was set at 1.0 ps and the voltages and pulse widths of the three peaks 
measured using a digital oscilloscope. The pulse width was then increased to 
approximately 1.6 ps, and the voltages and pulse widths were measured again with 
the oscilloscope. The width of the pulse was determined by measuring the difference 
in time before and after the peak. In increasing the pulse width from 1 ps to 1.6 ps, 
only peak 3 changed in voltage. It is not known why peak 3 decreased between runs. 
The intensity-time curve generated when the laser diode was pulsed every 1.6 ps was 
then measured with the Lab View panel. The appearance of the peaks had changed
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from rounded tops to somewhat flat. A comparison o f the oscilloscope and Lab View 
response is shown in Figure 4-5. There was a 10 fold difference between the voltages 
on the Lab View panel compared to the oscilloscope. The widths of the peaks were 
different in comparison to the oscilloscope response due to a difference in the 
bandwidth of the detector compared to the oscilloscope. The bandwidth of the 
detector is 10MHz, and the bandwidth for the oscilloscope is 25 MHz. The first pulse 
width increased, and the second and third decreased. This unexplained irregularity 
has also been observed by Civiello.62 The width of the first peak is increased and 
larger compared to peak 2 and 3. This is partly due to the fact that peak 1 is the 
combination of reflections from two places.62 It is also observed that the farther the 
peak is from the initial pulse, the shorter the width. However, for a flat connector on 
the 300 meter arm and an angled connector on the 500 meter arm, the response was as 
expected, although inverted. The pulse width was increased until peaks two and three 
were no longer resolved. This occurred at a pulse width of approximately 2.0 ps.
The results obtained by systematically varying the pulse width of the laser diode 
at 1310 nm are shown in Figures 4-6, 7 and 8. The pulse width of the laser diode was 
varied. The intensity-time curve was then measured with the oscilloscope and the 
Lab View Panel. The peak intensities and the widths were measured on the digital 
oscilloscope. The peak widths on the Lab View panel were calculated from 
measuring the time at the baseline of the beginning and ending of the peak. The 
beginning was taken at the point in which the intensity first increased. The ending of 
the peak was taken at the point in which the intensity stopped decreasing on the 
baseline. The intensities of the peaks were measured on the Lab View panel by
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COMPARISON OF RESPONSE AT 1310 nm BETWEEN A DIGITAL 
OSCILLOSCOPE AND THE LAB VIEW PANEL
Comparison of Oscilloscope Response (V) for 
Peaks 1,2 and 3 vs.
Lab View Instrumental Response (V)
El Voltage (Oscilloscope)
■ Inverse Voltage on Lab 
View
FIGURE 4-5: Comparison of the response at 1310 nm between the oscilloscope
and Lab View panel
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EFFECT OF CHANGING PULSE WIDTH OF TFTF. 1310 nm LASER DIODE
ON THE OBSERVED INTENSITY AND OBSERVED PULSE WIDTH OF
PEAK 1
Effect of Changing Pulse Width of Laser Diode ( j i s )  on 
Observed Pulse Width (ps) of PEAK 1
- Measured pulse width on 
oscope
-Measured pulse width on 
Lab View
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Pulse Width of 1310 nm Laser Diode (ps)
Effect of Changing Pulse Width (its) of 1310 nm Laser Diode on 
Observed Intensity of PEAK 1
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FIGURE 4-6: Effect of changing pulse width of the 1310 nm laser diode on the 
observed intensity and pulse width of peak 1
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EFFECT OF CHANGING PULSE WIDTH OF THE 1310 nm LASER DIODE 
ON THE OBSERVED INTENSITY AND OBSERVED PULSE WIDTH OF
PEAK 2
Effect of Changing Pulse Width (us) of 1310 nm Laser Diode 
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Effect of Changing Pulse Width (jis) of 1310 nm 
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FIGURE 4-7: Effect of changing pulse width of the 1310 nm laser diode on the 
observed intensity and pulse width of peak 2
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EFFECT OF CHANGING PULSE WIDTH OF THE 1310 am LASER DIODE
ON THE OBSERVED INTENSITY AND OBSERVED PULSE WIDTH OF
PEAK 3
Effect of Changing Pulse Width (j i s ) of 1310 nm Laser 
Diode on Observed Pulse Width (j i s ) of PEAK 3
2 1 
1.75 -
.25 - -M easured pulse width 
on oscope
-Measured pulse width 
on Lab View
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Pulse Width (p,s) of Laser Diode
Effect of Changing Pulse Width (p.s) of 1310 nm Laser 
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-M easured response - 
Lab View
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FIGURE 4-8: Effect of changing pulse width of the 1310 nm laser diode on the 
observed intensity and pulse width of peak 3
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placing cursors 5 and 9 on the tops of the peaks. At 1310 nm, varying the pulse width 
of the laser diode had little effect on the intensities of the peaks. Pulse width did 
have an effect on peak intensity at 834 nm. This effect at 1310 nm was observed with 
both the Lab View panel and the oscilloscope.
In examining the observed pulse widths in Figures 4-6, 7 and 8, the observed 
pulse width increased with increasing the pulse width of the laser diode. However, 
the unexplained irregularity of decreasing peak width with respect to increasing time 
on the intensity-time curve was again observed with the Lab View panel. The pulse 
widths observed with the oscilloscope were similar to the pulse width of the laser 
diode. The first peak was again somewhat larger than the second and third peak. The 
second and third peaks observed with the oscilloscope had similar peak widths 
compared to the laser diode that did not decrease with respect to increasing time on 
the intensity-time curve. When the intensity time curve was measured with the 
instrument, the first peak had the largest pulse width and the second and third peak, in 
general, had decreasing pulse widths. The intensities on the panel were different 
from the oscilloscope by the factor of 10. For the third peak on the panel, however, 
the difference between the two is about 5X. The bandwidth of the Lab View panel 
(10 MHz) is lower than the bandwidth of the oscilloscope (25 MHz) and could have 
caused the results seen in Figures 4-6,7 and 8.
Two examples of the intensity time curves obtained when the pulse width of the 
1310 nm laser diode was varied are shown in Figure 4-9. The standard deviations for 
the peak heights in the various intensity time curves were calculated and are shown in 
Table 4-1. The calculated standard deviations give an indication of the
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OBSERVED INTENSITY TIME CURVES FROM CHANGING THE PULSE 
WIDTH OF THE LASER DIODE (1310 nm)
Instrumental Response (V) vs. Time (Sec)
- flat connector on 300 meters and angled connector on 
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FIGURE 4-9: Two examples of the effect of changing the pnlse width of the 1310 
nm laser diode source on the resulting intensity time curve
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CALCULATED STANDARD DEVIATION AND RELATIVE STANDARD
DEVIATION ( % \  OF THE INTENSITY OF PEAK 1. 2. AND 3 ON LAB VIEW 
PANEL AS THE PULSE WIDTH OF THE 1310 nm LASER DIODE IS VARIED
Peak 1 Peak 2 Peak 3
Pulse Width on Laser fust SD % RSD SD % RSD SD % RSD
1.9 0.004 0.3 0.003 2 0.002 4
1.6 0.002 I 0.003 2 0.002 6
1.2 0.002 2 0.001 1 0.0003 9
1.0 0.003 2 0.002 2 0.002 6
0.9 0.003 2 0.002 2 0.002 5
0.8 0.003 3 0.0005 4 0.002 6
0.7 0.001 I 0.001 I 0.00004 1
0.6 0.005 0.5 0.002 2 0.001 3
0.4 0.004 0.4 0.002 2 0.0007 2
0.3 0.5 54 0.04 44 0.01 33
TABLE 4-1: Calculated standard deviation (V) and relative standard deviation (%) 
of the intensity of peak 1,2, and 3 on the Lab View panel as the pulse width of the
laser diode is varied
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precision of the remote measurement and the noise associated with the measurement. 
There is no real trend in the standard deviation data in Table 4-1. The standard 
deviations are, in general, on the order of 10'3. The percent relative standard 
deviations for the first and second peaks did not change that much as the pulse width 
was changed. The percent relative standard deviation for the third peak did decrease 
with decreasing pulse width. When the pulse width was decreased to 0.3 ps, the 
relative standard deviations of peaks 1,2 and 3 were all large. This is due to the loss 
of signal at the shorter pulse width coupled with the larger standard deviation. The 
standard deviation could be lowered at 1310 nm, however, by increasing the number 
of time intensities curves averaged to produce a waveform. All data presented in this 
work was the result of 100 time intensity curves averaged every 7 seconds to produce 
a waveform. This number could be increased. It appears from these data that a pulse 
width of 0.7 ps for the 1310 nm laser diode should be used in the instrument.
The response of the instrument at 1310 with a flat connector on 300 meters and an 
angled connector on 500 meters is shown in Figure 4-10. It can be seen from this 
figure that the overall background of the signal is considerably reduced at 1310 nm 
compared to 834 nm (Figures 4-3,4-4). The first background peak, however, is still 
large. The waveform, as mentioned before, is also inverted. It does appear however, 
that the overall background of the signal obtained at 1310 nm is reduced compared to 
that at 834 nm.
Civiello determined that a 1 ps pulse width at 834 nm was an optimal pulse 
width at that wavelength due to the fact that the responses were relatively high and
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INSTRUMENT RESPONSE (V) VS. TIME (SEP AT 1310 NM -  DATA 
ACQUIRED BY LAB VIEW PANEL
Instrumental Response (V) vs. Time (sec) 
flat connector on 300 meters and 
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FIGURE 4-10: Response of instrument at 1310 nm -  flat connector on 
300 meters and angled connector on 500 meters
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the calculated standard deviations were low. Below 0.6 ps, the responses decreased 
and the standard deviations calculated for the intensities of the peaks increased. In 
terms of pulse width, both the 1310 and 834 produced time intensity curves with low 
calculated standard deviations around 0.7-1.0 ps.
In terms of relative standard deviation, however, the results obtained from the 834 
nm were consistently lower than for the 1310 nm. The pulse width for the 834 nm 
laser diode was varied from 1.2-2.0 ps and the results are shown in Figure 4-11. 
Again, the peak widths observed in the intensity-time curve are longer than the pulse 
width of the laser diode. The standard deviations and the percent relative standard 
deviations for the peak intensities are shown in Table 4-2. The signal for peak 1 was 
not monitored this time. The standard deviations of the peaks of the intensity time 
curve are on an order of magnitude smaller with the 834 nm laser. The background 
noise of the intensity-time curve has been decreased at 1310 nm at the expense of a 
higher calculated standard deviation. The opposite situation is true at 834 nm.
Improving the Response of the Reflected Signals 
Effect of Polishing Connectors on Instrument Response
The connectors that were placed on the distal end of the long lengths of optical 
fiber were originally polished by hand. The response of the instrument was used to 
monitor the effect of polishing the connectors. It was consistently observed that as 
the grade of the lapping film decreased, (i.e. got finer) the response from a flat 
polished connector would increased. When the end of the connector was angled, the 
response decreased (Figure 4-12). The flatter the polish on the end of the connector, 
the more light reflected back from the connector/medium interface. This contributes
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EFFECT OF VARYING PULSE WIDTH OF 834 nm LASER DIODE ON 
OBSERVED PEAKS ON INTENSITY TIME CURVE
Pulse Width (ps) of 834 nm laser diode vs. Observed 
Pulse Width (ps) of Peak 2 and 3 
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FIGURE 4-11: Effect of varying pulse width o f834 nm laser diode on
magnitude and width
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CALCULATED STANDARD DEVIATION AND RELATIVE STANDARD 
DEVIATION ( % \  OF THE INTENSITY OF PEAK 2 AND 3 ON LAB VIEW 
PANEL AS THE PULSE WIDTH OF THE 834 nm LASER DIODE IS VARIED
Peak 2 Peak 3
Pulse Width on Laser fus) SD % RSD SD %  RSD
2.0 0.0002 0.2 0.0002 0.3
1.7 0.0002 0.2 0.0002 0.3
1.4 0.0003 0.3 0.0002 0.4
1.2 0.0009 1 0.0006 1
TABLE 4-2: Calculated standard deviation (V) and relative standard deviation (%) 
of the intensity of peak 2 and 3 on the Lab View panel as the pulse width of the 834
nm laser diode is varied
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EFFECT ON MEASURED VOLTAGE VERSUS LAPPING FILM GRADE 
FOR A FLAT AND ANGLED CONNECTOR
Instrum ent Response (V) vs. Polishing Step 
- Flat Connector on 300 meters 
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Successive Polishing Step
FIGURE 4-12: Effect of successive polishing steps on response during 
polishing of angled and flat connectors
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greatly to the background associated with each peak.
Angled Connectors
When a connector is polished at an angle, the background signal from the 
interface is significantly decreased. This can be seen in Figure 4-13. Connectors 
were polished to an angle to reduce the background signal. The background seen in 
peaks 2 and 3 of the instrument output are mostly due from the reflection at the 
connector/air interface. By angling the end of the fiber, back reflections into the 
optical fiber from the connector/air interface are now at angles that do not allow 
propagation down the optical fiber. Angled STA connectors are commercially 
available for single mode optical fiber but not for multimode fiber. For this reason, 
flat 906 and 905 SMA connectors were polished to an angle and used on the 
instrument.
Angled connectors were fabricated by the Machine Shop (Kingsbury Hall, 
University of New Hampshire) on campus or by using the automatic polishing 
machine. The 906 SMA connectors were polished to 8, 15,30,45, and 60 degrees. 
The ferrules on the 60-degree connectors were unusable. The others were placed on 
the distal end of the 500 meter graded index fiber and tested. The instrumental 
response was monitored during each polishing step. It was consistently observed that 
as the grade of the lapping film decreased, so did the background of the signal of an 
angled connector. This was shown in Figure 4-12. As the surface becomes smoother, 
more of the light is reflected at an angle that does not propagate down the fiber.
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INSTRUMENTAL RESPONSE PRESENTED IN EXCEL FOR AN ANGLED
CONNECTOR ON 500 METERS OF FIBER AND A FLAT CONNECTOR ON
300 METERS -  IN AIR
Instrumental Repsonse (V) vs. Time (sec)
834 nm - flat connector on 300 meters - angled connector 
on 500 meters
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FIGURE 4-13: Instrumental response for an angled connector on 500 meters of 
fiber and a flat connector on 300 meters of fiber -  in air
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Testing of The Instrument Response with Milk Solutions
The response o f the instrument was measured using diluted milk solutions to 
model membranes o f varying turbidity. The solutions were prepared as discussed in 
Chapter 3. The absorbance of the low concentrated milk solutions was measured 
using a visible spectrophotometer. The results are shown in Figure 4-14.. The milk 
solutions were measured only up to 2% (v/v) for whole milk solutions due to 
limitations of the detector used in the Spectronic 20. Otherwise, the signal was off 
scale. From the absorbance, the turbidity (cm-1) can be calculated and plotted versus 
concentration. This is shown in Figure 4-15. The response of the solutions was also 
measured on the instrument. This allows us to correlate the turbidity to the response 
of the instrument, also shown in Figure 4-15. This information can be used to 
estimate a turbidity that result in a large change in response on the instrument. The 
response of the instrument to a turbid solution may be somewhat different that its 
response to a turbid membrane.
The distal ends of the 300 and 500 meter arm of the optical fiber were suspended 
in the various milk solutions and the response of the peak heights of peaks 2 and 3 
were measured. The response of the milk solutions was measured with the flat 
connector on the 300 meter arm and an angled connector on the 500 meter arm. The 
results obtained are discussed below.
The milk solutions were first tested with the instrument using the 834 nm laser 
diode and the 5.0 mm2 silicon photodiode with the graded index 140/100 pm optical 
fiber.
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MEASURED ABSORBANCE OF VARIOUS MILK SOLUTIONS
Absorbance vs. % Whole Milk (v/v)
s«JSueca.&
< 0.5 -
1.5 2 2.50 0.5 1
% Whole Milk (v/v)
FIGURE 4-14: Absorbance of various milk solutions measured with a
spectrophotometer
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TURBIDITY (CM 1) VS. % WHOLE MILK SOLUTIONS (V/V) VS. 
INSTRUMENTAL RESPONSE AT AN ANGLED CONNECTOR







% Whole Milk (v/v)
Instrumental Response (mV) vs. Turbidity 
(cm’1) - angled connector
e  33.5
32.5
1.5 2 3 3.50 0.5 4
Turbidity (cm'1)
FIGURE 4-15: Turbidity (cm'1) vs. % whole milk (v/v) vs. instrumental
response at an angled connector
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When there was an 8-degree angled polished connector on the 500 meter graded 
index arm of the instrument and a flat polished connector on the 300 meter graded 
index arm, the response to turbidity is shown in Figure 4-16. Two interesting results 
are observed. Firstly, the background voltage for the angled connector is significantly 
lower than the flat connector (0.0329 V vs. 0.1423 V). This is as expected. Also, the 
change in the response to the various milk solutions is about three times greater at the 
angled connector than at a flat connector. As the concentration of the milk in the 
solution changes, the response at the flat connector on the 300-meter arm barely 
changes. This is in contrast to the change in response for the angled connector. As 
the percent milk increases, the signal increases, from approximately 0.0329 V to 
0.0977 V. From this data and measured absorbances of the milk solutions, it is 
possible to correlate the turbidity (cm'1) of the milk solutions to the response of the 
instrument, as shown previously in Figure 4-15. Figure 4-17 shows that the response 
to milk with an angle connector was reproducible. Even when the distal end of the 
optical fiber was connected with a new 8 degree angled connector on the 500 meter 
arm, the change in the response to various milk solutions was always about three 
times greater than that seen with a flat connector on the 300 meter arm. It is thought 
that the angled face of the connector allows more scattering from the milk to enter the 
optical fiber. Also, the majority of the response with a flat connector is from the 
connector/milk interface and will not change in response to change in milk 
concentration. From these results, it is clearly preferable to use an angled face on the 
distal end of the optical fiber for sensors.
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INSTRUMENTAL RESPONSE TO WHOLE MILK SOLUTIONS -  FLAT
CONNECTOR ON 300 METERS OF FIBER AND AN ANGLED 
CONNECTOR ON SOO METERS OF FIBER
Instrumental Response (V) 834 vs. %  Whole Milk (v/v)












O O o o OSo sooo 00o oo
•flat
•angled*
% Whole Milk (v/v)
FIGURE 4-16: Instrumental response at 834 nm vs. various milk solutions -  
difference between an angled connector on the 500 meter arm versus a flat
connector on the 300 meter arm
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COMPARISON OF THE RESPONSE OF TWO 8 DEGREE ANGLED 
CONNECTORS TO VARIOUS WHOLE MILK SOLUTIONS
Response (V) vs % Whole Milk (v/v) 
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FIGURE 4-17: Comparison of the responses of two separate 8 degree angled 
connectors in whole milk solutions at 834 nm
107
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The response of the instrument with bare optical fiber on the distal end of the 300 
and 500 meter arms was also investigated to see if the obtained result was somehow 
due to the connectors. The bare end of the 300 meter arm was polished flat and the 
bare end of the 500 meter arm was polished to an 8 degree angle with the use of the 
polishing machine. The response in the various milk solutions was monitored. The 
result obtained is shown in Figure 4-18. Once again, it was observed that when the 
distal end of the optical fiber is angled, the background of the signal decreases and the 
change in response compared to a flat connector is about 3 times greater.
The response of the instrument at 1310 nm to the various whole milk solutions 
was also monitored. Figure 4-19 shows that a larger signal was observed at 1310 nm. 
When a flat connector on the 300 meter arm was tested in the milk solutions, there 
was very little change in response. When an angled connector on the 500 meter arm 
was tested in milk, it was again seen that the change in response was about three 
times greater compared to a flat connector. This experiment verifies that the result 
does not depend on wavelength.
The 500 meter arm of the instrument was connected with a 15 and 45 degree 
angled connector. The angled connectors were placed in the various whole milk 
solutions and the response was measured. The results are shown in Figure 4-20.
Each angled connector showed a greater change in response compared to a flat 
connector on the 300 meters of fiber. The 8 degree angled connector resulted in the 
lowest background signal in water. The 15 and 45 degree angled connectors also 
gave lower backgrounds than a flat connector. They were, however, greater than the 
8 degree background. It was expected that the 45 degree angled connector’s response
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INSTRUM ENTAL RESPONSE (V) VS. %  W HOLE M ILK  SOLUTIONS (V/V) 
AND TURBIDITY (C M 1) -  FLAT POLISHED FIBER W ITH  NO 
CO NN ECTO R AT 300 M ETERS AND ANGLED POLISHED FIB E R  W ITH  
NO CONNECTOR AT 500 M ETERS
Instrumental Response (V) vs. % Whole Milk (v/v) 
- 834 nm - bare fiber 
- flat (300 m) vs. angled (8, 500 m)
300 (Flat) 
500 (Angled)
% Whole Milk (v/v)
Instrumental Response (V) vs. Turbidity (cm'1) of 
Milk Solutions - 834 nm - bare fiber 














FIGURE 4-18: Instrum ent response (V) vs. various milk solutions and  tu rb id ity  
(cm '1) - change in  response fo r flat polished optical fiber w ith no connector on 
the  300 m eter arm  and for angled polished fiber w ith no connector on the 500
m eter arm
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RESPONSE OF INSTRUMENT AT 1310 nm TO VARIOUS WHOLE 
MILK SOLUTIONS -  FLAT CONNECTOR ON 300 METERS -  ANGLED 
CONNECTOR ON 500 METERS
Negative Instrumental Response (V) vs. % Whole Milk (v/v)
- 1310 nm - flat connector on 300 meters 





■ Flat - 300 m 
•Angled - 500 m
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% Whole Milk (v/v)
Negative Instrumental Response (V) vs. Turbidity (cm*) of 
Whole Milk (v/v) -1310 nm - flat connector on 300 meters and 











Rat - 300 m 
Angled - 500 m
0 5^ Turbidiiy (cm*1) 150 200
FIGURE 4-19: Response of instrument with angled connector on 500 meters 
and flat connector on 300 meters to turbidity (cm*1) 
of various milk %  solutions (v/v)
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INSTRUMENTAL RESPONSE TO VARIOUS WHOLE MILK 
SOLUTIONS AT A 8.15 AND 45 DEGREE ANGLED CONNECTORS
Instrumental Response (V) vs. % Milk Solution 














25 50 75 100
% Whole Milk Solution (v/v)
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FIGURE 4-20: Response of instrument to turbidity (cm*1) of various milk 
solutions using different angled connectors on the end of 500 meters of
graded index fiber
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might be greater than the 15 degree response but this was not observed. Nonetheless, 
it again appears that an angled connector results in a signal with a low background 
and a large change in response.
Testing of the Instrument Response with KI Solutions
To examine the change in response of the instrument to changes in refractive 
index of the medium, solutions of varying KI concentration were prepared as 
discussed in Chapter 3. Since the instrument measures the amount of light reflected 
back from the distal ends of the long lengths of optical fiber, changing the refractive 
index of the medium in which the fiber is in should change the amount of reflection, 
and hence the measured voltage. The refractive index of the various solutions was 
measured with a refractometer. The solutions were measured randomly and in 
triplicate. The results are shown in Table 4-3. As the concentration of KI increases, 
the refractive index of the solution increases.
The distal ends of the optical fibers on the instrument were placed in the various 
KI solutions and the response was measured. An 8-degree connectorized fiber on the 
500 meter arm and a flat connectorized fiber on the 300 meter arm were evaluated. 
The results are shown in Figure 4-21. It can be seen that the response does not 
change significantly with an angled connector as the refractive index of the solution is 
changed. As the concentration of the KI increases, the refractive index increases.
The increased refractive index of the solution is now approaching the refractive index 
of the glass. Due to Fresnel’s equation, the amount of reflected light should decrease 
as the refractive indices of the two mediums start to approach each other in value.
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CONCENTRATION KI flVD VS. REFRACTIVE INDEX
Concentration KI (MI Average Refractive Index Standard Deviation
0 1.33193 6 x 10‘5
0.5 1.3424 2 x 10-4
1.0 1.35321 6 x 10'5
1.5 1.3628 3x10^
2.7 1.3875 7 x 10^
4.3 1.4185 5 x 10^
5.5 1.4423 5 x 10A
6.3 1.4569 3 x 10"4
TABLE 4-3: Refractive index of solutions of varying KI concentration
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MEASURED RESPONSE VS. KI SOLUTIONS OF VARYING
CONCENTRATION AND REFRACTIVE INDEX FOR A FLAT 
CONNECTOR ON 300 METERS AND AN ANGLED 
CONNECTOR ON 500 METERS
Refractive Index (KI) vs. Instrument Response (V) - 
flat connector on 300 meters and angled connector 
on 500 meters
0.02 -I 1-------------1-------------.-------------1
1.3 1.35 1.4 1.45 1.5
Refractive Index of KI Solution
FIGURE 4-21: Change in instrumental response versus change in refractive 
index of KI for a flat connector on 300 meters and 8 degree angled connector
on 500 meters
114
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
With the flat polished connector, this was observed. The response decreased as the 
concentration of KI increases. With the angled connector, however, the response 
does not change significantly with concentration. This confirms that reflection from 
the connector/medium interface is not contributing to background when using an 
angled connector.
The KI experiment was also tried with a 15 and 45 degree angled connectors. The 
15 degree and 45 degree angled connector were placed on the distal end of the 500 
meters of optical fiber. The connectors were then placed in the various KI solutions 
and the response was measured. This is shown in Figure 4-22. Once again, it was 
seen that the response of the flat connector changed with concentration but the 
response to the angled connector did not change significantly. It was observed, 
however, that the response from an 8 degree angled connector was more stable than 
from the 15 or 45 degree connector. This was another reason why 8 degree 
connectors were used in further work.
The instrumental response at 1310 nm to various KI solutions was examined with 
a flat connector on the 300 meter arm and an angled connector on the 500 meter arm. 
The same result was obtained and is shown in Figure 4-23. Once again, the angled 
connector shows little change in response to change in refractive index of the medium 
in which the connector is placed. The flat connector does show a relatively larger 
change in response.
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COMPARISON OF RESPONSE OF A FLAT CONNECTOR TO VARIOUS
ANGLED CONNECTORS TO SOLUTIONS OF VARYING KI 
CONCENTRATION AND REFRACTIVE INDEX
Refractive Index (KI) vs. Instrumental Response 
(V) - flat connector on 300 meters and various 


















-Flat -300 m 







FIGURE 4-22: Change in response to various KI solutions -  flat connector 
at 300 meters vs. a 8,15 and 45 degree angled connector
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CHANGE IN RESPONSE VS. CHANGE IN REFRACTIVE INDEX OF
SOLUTION FOR A FLAT CONNECTOR ON 300 METERS AND AN 
ANGLED CONNECTOR ON 500 METERS -1310 NM
Negative Instrumental Response (V) vs. Refractive 
Index (KI) -1310 nm - angled connector on 300 meters 









Angled - 300 m 
Flat - 500 m
0.2 -
1.32 1.34 1.36 1.38 1.4 1.42 1.44 1.46 1.48
Refractive Index (K3)
FIGURE 4-23: Change in response to solutions of varying refractive index at 
1310 nm -  angled connector on 300 meters, flat connector on 500 meters
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Use of Step Index Fiber in the Instrument 
Step Index Fiber and 2x2 Conpler
The use of step index fiber in the instrument was investigated due to the results of 
the chemical etching experiments to be discussed in Chapter 5. Step index optical 
fiber (Model No. FT-200-EMT) was purchased from 3-M Fiber Optics. The use of 
this optical fiber required the purchase of a new 2x2 fiberoptic coupler for the 
instrument because the optical fiber used in the coupler needs to be similar to the 
fiber used in the instrument.
The response was first measured without any optical fiber hooked up to the ends 
of the 2x2 coupler. This result is shown in Figure 4-24. From this figure it can be 
seen that although there is no optical fiber hooked up to the instrument, the first 
background peak is still present. Peaks 2 and 3 are not present due to no fiber being 
hooked up. This confirms that the major source of this peak is the reflections from 
the SMA connectors from the coupler to the optical fiber.
Testing of Various Lengths of Step Index Optical Fiber
The step index fiber was spooled to 300 and 500 meters. The spools were hooked 
up to the new 2x2 coupler that was installed in the instrument. The response was then 
measured. The 500-meter spool was hooked up onto the 75% red output of the 2x2 
optical fiber coupler. The 300-meter arm was connected to the 25 % output of the 
coupler. The flat connectors were polished down by hand and again it was seen that 
the response increased as the grade of lapping film got finer. The response at 300 
meters was relatively large (0.196 V) after the connector was polished with 0.3 pm 
lapping film. The signal measured from the 500-meter arm with another flat
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RESPONSE OF INSTRUMENT WITH STEP INDEX COUPLER AND NO
OPTICAL FIBER ATTACHED
Instrumental Response (V) vs. Time (sec)
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FIGURE 4-24: Instrumental response with step index coupler with no
optical fiber attached
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connector was relatively small (0.0318 V). This is due to the length of the fiber and 
the attenuation of the signal at 834 nm. Since 75% o f the signal was launched into 
the 500-meter arm from the fiber optic splitter, it is not completely understood why 
the signal was so low compared to the 300 meter arm. It may be due to a poor 
connection at the 500-meter arm SMA connector and the connector of the 2x2 
coupler. Regardless, the signals observed at 834 nm with step index fiber and flat 
connectors were lower than signal observed with graded index optical fiber at this 
wavelength. The attenuation of the graded index optical fiber was approximately 4 
dB/km, compared to lOdb/km for the step index optical fiber.
Conclusions
This chapter discusses ways to improve the intensity time curves generated from 
the instrument originally built by Civiello. The background of the original intensity 
time curve was decreased by the use of a longer wavelength source and angled 
connectors. However, in comparing the relative standard deviations (r.s.d) of the 
peak intensities at 834 and 1310 nm, it was consistently observed that the r.s.d. at 834 
nm was an order of magnitude smaller. The signal-to-noise ratio (S/N) at 834 nm 
was larger than that at 1310 nm. Typically the S/N at 834 nm was 300 when the 
voltage was approximately 0.1 V. The S/N at 1310 nm it was approximately 100 
with a voltage of approximately 0.05 V. The S/N for the peak intensity of the 
reflection at an angled connector at 834 nm was observed to be larger than for a flat 
connector. At 1310 nm, however, the opposite was seen. Although the background 
of the signal appears to be lower at 1310 nm, the standard deviations calculated for
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the time-intensity curves were larger than observed at 834 ran. This leads to a 
relatively lower S/N and higher r.s.cL
The intensity time curves collected when step index fiber was in the instrument 
were lower than observed with graded index optical fiber due to the higher 
attenuation in the step index fiber. Although the larger core fiber was much easier to 
handle and work with, it is not recommended for future use in the instrument. The 
signals obtained with the graded index optical fiber were stronger and had lower 
calculated standard deviations.
The operation of the instrument at 1310 ran could be improved by updating the 
operating system of the Lab View panel to accommodate the new detector. A better 
idea would be to look into a new operating system. The current panel is 
approximately five years old and there are new software products on the market with 
higher bandwidths that would allow the instrument to sample at a higher rate.
The use of angled connectors on the instrument afforded interesting results. First 
and foremost, the use of an angled connector on the instrument decreased the 
background of the signal seen in the peak for either the 300 or 500 meter arm of fiber. 
Secondly, angled 8 degree connectors increased the magnitude in response to turbid 
solutions compared to flat connectors. This is important for sensor development.
The reflected light signal needs to be relatively strong to be detected by the 
photodiode, and the use o f the angled connector enhances the reflected pulse.
It is not completely understood why 8 degree angled connectors worked better 
than the other connectors tried. It has to do with the angle at which reflections from 
the connector/air interface are internally reflected back down the optical fiber. It was
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consistently seen that 8 degrees for an angle polish was the industry standard. It was 
also seen through experimentation that 8 degrees worked well in the instrument
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CHAPTERS
Preparation and Optical Properties of Polymer Particles Produced 
by Dispersion Polymerization 
Introduction
This chapter examines the preparation and the use of poly pyridine particles for 
optical fiber sensing. The goal was to produce lightly crosslinked polymeric 
particles. The motivation for the use of these particles was due to the fact that 
pyridine contains a basic nitrogen. This allows pH sensitive beads to be polymerized 
without any subsequent derivatization steps to provide pH sensitive functionality.
Based on the work of Firman117, dispersion polymerizations of 4-vinyl pyridine 
were first performed in water. Syntheses were then successfully performed in 
toluene. The dispersion polymerization of vinyl imidazole was also attempted. The 
goal was to synthesize particles with a diameter on the order of a micrometer with 
approximately 2% (mol/mol monomer) crosslinker for use in an optical fiber sensor. 
Due to the high reactivity of the vinyl pyridine radical, this was not a trivial task.
The project described in this chapter evolved as it progressed. Unsatisfactory 
results from the dispersion polymerization of 4-vinyl pyridine in water led to 
polymerization in other solvents. The particles prepared in the early stages of this 
project were tested in HEMA, the hydrogel o f choice at the time. Later particles were 
tested exclusively in HYP AN hydrogels. Preparing crosslinked particles was found 
to be difficult and was finally accomplished by modifying the dispersion 
polymerization procedure.
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Particles from successful formulations were characterized by scanning electron 
microscopy. They were also examined by UV-Vis spectroscopy by scanning particles 
in a hydrogel membrane. Particles that provided a large contrast in response between 
acid and base were tested as a sensing element on optical fibers. The response of the 
particles in the sensing element was monitored using the instrumentation for remote 
sensing discussed in Chapter 4.
Dispersion Polymerization of 4-Vinvl Pyridine in Water
Based on the senior thesis of Jennifer Firman,117 dispersion polymerizations were
first performed using water as the dispersion medium. Firman had tried the
dispersion polymerization of vinyl pyridine in water with pyridine as a porogenic
solvent with limited success. The attempted dispersion polymerizations of 4-vinyl
pyridine in water are summarized in Table 5-1.
Firman had some success polymerizing particles from 4-vinyl pyridine using the
following reactant quantities117:
91% (v/v solvent) water
9% (v/v solvent) ethanol
5% (v/v solvent) monomer
1% (w/w monomer) initiator - AIBN
7% (w/w monomer) stabilizer - PVP
2% (mol/mol monomer) crosslinker - DVB
This formulation (formulation no. 1) was the first tried, but the amounts of reactants 
used deviate from the amounts typically used in a dispersion polymerization of VBC. 
For example, for the dispersion polymerization of poly(VBC) particles, formulations 
typically use more initiator (2%) and much more stabilizer(22%). Therefore a 
formulation using these amounts of reactants was tried. This formulation resulted in
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FORMULATIONS NO. 1-14 FOR DISPERSION POLYMERIZATIONS OF
4-VINYL PYRIDINE IN WATER
Dispersion %(v/v) %(w/w) %(w/w) %(moi/mol)

























7 80% Water 5
20% Ethanol
0.6 ±0.1 pm 5-lb
75% Water 
25% Ethanol







11 75% Water 5
25% Ethanol
0.6 ± 0.3pm 5-lc
12 91% Water 5 
6 % Pyridine
3 % Ethanol
13 91% Water 5
3% Ethanol
6% Pyridine








TABLE 5-1; FORMULATIONS OF DISPERSION POLYMERIZATIONS 
OF 4-VINYL PYRIDINE PERFORMED IN WATER
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no product. It was not until the amount of stabilizer was dropped from 22% to 15% 
before any particles were synthesized. (Formulation No. 2) This was the first 
indication that the dispersion polymerization of a polar monomer was not trivial.
The beads produced from the first formulation are shown in Figure 5-la. The 
beads were somewhat polydisperse and unstabilized, so the amount of stabilizer used 
in the formulation was increased from 7% to 15 and 22% (formulation no. 3 and 4, 
respectively). Both these formulations resulted in coagulated product.
The beads formed from formulation no. 1 were not only polydisperse, but also 
somewhat small for the optical fiber sensor. For the sensors described in this work, 
beads on the order of a micrometer are desirable. It was attempted to make larger 
beads by increasing the amount of monomer present in the formulation. (Formulation 
No. 5) This formulation resulted in coagulation. As indicated by the SEM, 
formulation no. 5 was mostly an amphorous material, with little bead formation and 
much coagulation (Figure 5-la).
The amount of stabilizer used in formulation no. 1 was decreased in an attempt to 
increase the size of the beads (Formulation No. 6). It was observed with this 
dispersion system, however, that a coagulated product formed.
The solvent system of formulation no. 1 was varied. By changing the polarity of 
the solvent system, it was hoped to synthesize larger size beads. The percentage of 
water in the solvent system was systematically reduced to 50%. (Table 5-1: 
Formulation Nos. 7-9) Particles were not produced once the solvent system was 
changed to 50% water/50% ethanol. The dispersion solution that was used remained
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SBM PICTURES OF 4-VINYL PYRIDINE PARTICLES 
SYNTHESIZED IN WATER -  FORMULATION NO. 1 AND NO. 5
FORMULATION NO. 1 
0.8 ± 0.1 pm
FORMULATION NO. 5 
increased monomer %  
coagulation
FIGURE 5-la: SEM pictures of vinyl pyridine particles produced in water -
formulation no. 1 and no. 5
127
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
clear upon successive hours of heating. Beads in the 80/20 formulation were more 
coagulated than other formulations. The particles from the 75/25 formulation were 
less coagulated and somewhat smaller in size. This was unexpected. The particles 
produced by varying the solvent from 91/9% to 75/25% decreased in size. Beads 
from formulation no. 8, in which the solvent system was 75% water/25% ethanol 
were cleaned and used for further characterization studies (Figure 5-lb).
The levels of the parameters o f formulation 8 were also further studied. To 
produce larger particles, the amount of monomer in the dispersion was increased from 
5 % (v/v solvent) to 6% (v/v solvent) (Formulation No. 10). The polymer produced 
from the polymerization, however, coagulated. By adding more initiator, however, it 
was possible to decrease the bead size. (Formulation No. 11) This is shown in Figure
5-lc.
Pyridine was added to the 91/9% water/ethanol system as a porogenic solvent in 
an attempt to make the microparticles porous and therefore allow for quicker response 
times. A solvent system of 91% water, 3% ethanol and 6% pyridine was explored 
based on the results of Firman.117 (Figure 5-ld-Formulation No. 12) As seen from 
the SEM, a globby, amorphous material, with small embedded nucleated particles 
formed. More stabilizer was added to the formulation in attempts to stabilize 
particles more effectively and prevent coagulation. Formulations with 10% and 12% 
stabilizer were tried. Very small particles were eventually produced with the 12% 
stabilizer (Formulations Nos. 13 and 14). Particles produced from formulation no. 14 
were cleaned and used for further study to determine if  porogenic solvent in the 
dispersion medium did produce porous particles. The results obtained from the
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SEM PICTURES OF 4-VINYL PYRIDINE PARTICLES 
SYNTHESIZED IN WATER -  FORMULATION NO. 7 AND NO. 8
FORMULATION NO. 7 
0.8 ± 0.1 |im
FORMULATION NO. 8 
0.7 ± 0.1 jim
FIGURE 5-lb: SEM pictures of vinyl pyridine particles produced in water -
formulation no. 7 and no. 8
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SEM PICTURES OF VARIATIONS OF FORMULATION NO. 8
FORMULATION NO. 8 FORMULATION NO. 10
0.7 ±  0.1 |im monomer % increased to 6%
75/25 water/ethanol 
5 %  monomer 
2 % initiator
FORMULATION NO. 11 
Initiator % increased to 2%
FIGURE S-lc: SEM pictures of variations of formulation no. 8
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FORMULATIONS IN WATER WITH ADDED PYRIDINE
FORMULATION NO. 12 
7 % stabilizer
FORMULATION NO. 13 
10 % stabilizer
FORMULATION NO. 14 
12 % Stabilizer
FIGURE 5-1 d: Variations of formulations with pyridine — effect of changing
stabilizer concentration
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membranes prepared from these beads showed little change in response. The 
response times measured with these particles were longer than those with the other 
particles formulated in water. Therefore, these beads were not used for any further 
testing.
Particles prepared from formulation no.l and no. 8 were cleaned three times in 
appropriate solvents by centrifuging and sonicating. These particles were then 
embedded in various hydrogels for further testing.
Optical Properties of Particles Produced from the Dispersion Polymerization of 
4-Vinvl Pyridine in Water
Particles from formulations no. 1 and no. 8 were cleaned three times by 
centrifuging and sonicating and were then used for optical testing. Particles were 
placed into hydrogel membranes and scanned using a UV-Vis Spectrophotometer to 
examine the turbidity. The following section presents and discusses the results 
obtained from examining the changes in absorbance resulting from varying pH. 
Response of Formulation No. 1 and No. 8 in Hydrogel Membranes
Particles from Formulations No.l and No. 8 were suspended in poly(HEMA) and 
HYP AN membranes and the absorbance was measured at various pHs. All bead 
concentrations in hydrogel membranes are weight of beads/(weight o f solvent) for 
membrane polymerization. The particles were left wet in a solution of the cleaning 
solvent. All tested membranes were 76 pm thick and placed for examination in the 
membrane holder discussed in Chapter 3.
Formulation No. 1
The particles were first tested in poly(HEMA) membranes because this was the 
hydrogel of choice at the time. The response of the particles is shown in Figure 5-2.
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RESPONSE OF 0.1% (v/v) PARICLES (FORMULATION
NO. 1) IN 76 urn THICK POLYfHEMA) MEMBRANE 
IN pH 4 and pH 10
Absorbance vs. Wavelength (nm) 























FIGURE 5-2: Response of 0.1% (w/w) particles (formulation no. 1) in a 
76 pm thick poly(HEMA) membrane
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As seen in Figure 5-2, the absorbance of the membrane is larger in pH 10 than in pH 
4. This is the expected result. The observed result can be explained in terms of 
refractive indices, and is shown in Figure 5-3. There is a 53% change in response at 
900 nm between the response of the membrane from pH 4 to pH 10 in poly (HEMA). 
The refractive index of the swollen particle is less different from that of the unswollen 
particles compared to the refractive index of the poly(HEMA) membrane. The 
refractive index o f the particle will decrease as it starts to take up water. This results 
in less reflectance, compared to pH 10. At pH 10, the particle is in a shrunken state 
resulting in a refractive index that is much different than the poly(HEMA). Software 
was used to calculate the refractive index of polymerized vinyl pyridine and was 
estimated to be 1.62. The software bases its calculation on group contributions. 
Assuming the particle was approximately 40% hydrated, the refractive index o f the 
particle in the swollen state was estimated to be approximately 1.50. According to 
Fresnel’s equation, the greater the difference in the refractive indices, the more the 
reflection. The calculated reflectance for the membrane in base is approximately 1.5 
times greater than the calculated reflectance in acid. This results in a higher 
absorbance for the membrane in pH 10.
The rate of response of particles from formulation no. 1 in a poly (HEMA) 
membrane was determined using UV-Vis Spectroscopy and is shown in Figure 5-4. 
One of the curves shown is for the shrinking -  swelling cycle (pH 10 to pH 4) and the 
other is for the swelling-shrinking cycle (pH 4 to pH 10). As can be seen from the 
graphs in Figure 5-4, the response time of the particles from formulation no. 1 are 
relatively long, on the order of minutes. It was seen that in going from pH 10 to pH
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SCHEMATIC OF MEMBRANE WITH p H  SENSITIVE PARTICLES IN
ACID AND BASE -  CHANGE IN REFRACTIVE INDICES AND
REFLECTANCE
base
O  ° o  ° poly (vinyl pyridine) 
particles - shrunken 
n ~ 1.6
hydrated poly(HEMA) 
n=  1.42 OH
o  o  o  o poly(vmyl pyridine) 
particles - swollen 
n ~  1.5
acid
FIGURE 5-3; Schematic of a membrane with pH sensitive particles in acid and 
base — change in refractive indices and reflectance
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RESPONSE TIME OF 0.1% (w/wl BEADS (FORMULATION No. 1)






Absorbance vs. Time (minutes)
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FIGURE 5-4: Time response curves of 0.1%(w/w) beads (formulation no. 1) in a
poly(HEMA) membrane
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4, the response time was 8 minutes, much too long for a practical sensor. When the 
membrane was cycled from pH 4 to pH 10, the response time was seen to be 4 
minutes. Typically, it is observed that the response time for shrinking is shorter than 
the response time for swelling. Due to the particularly long response times observed 
with poly(HEMA) in the research group, the decision was made to try a new 
hydrogel, HYP AN. Long response times determined for particles synthesized by the 
research group have previously been attributed to low microparticle porosity. Based 
on the responses in HYP AN, the problem of the porosity of the microparticles 
contributing to the long response times is not as great as the problems associated with 
the poly(HEMA) membrane itself. It has been consistently observed that the rate of 
response of the particles is longer in the hydrogel poly(HEMA) compared to other 
hydrogels. This is unfortunate from an optical fiber point of view; HEMA adheres 
strongly to glass and is stable over several months.57 HEMA is also a biocompatible 
hydrogel which is important for any future biological sensor applications. It is 
possible, however, that the HEMA monomer diffuses into the microparticles. It can 
get polymerized within the particle, which inhibits swelling and lengthens the 
response time.
The particles were subsequently evaluated in HYP AN hydrogel membranes. The 
particles were first tried in HYP AN (80), where 80 indicates 80% water. The 
response of the particles from formulation no. 1 in a HYP AN 80 membrane in 
varying pH is shown in Figure 5-5. The absorbance was greater in pH 10 compared 
to pH 4 with an approximately 17% change in response at 700 nm. Although this is a 
relatively small change, it is offset by the quick response times observed with
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RESULTS FROM SCANNING 0.1% BEADS (WAV) IN HYP AN (80)
FROM pH 4 TO pH 10
Absorbance vs. Wavelength (nm) - 0.1% beads (w/w) in 
HYP AN (80) - scanned from pH 4 to pH 10






500 600 700 800 900 1000400
Wavelength (nm)
FIGURE 5-5; Response of 0.1% (w/w) beads (formulation no. 1) 
in HYP AN (80) at varying pH
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HYP AN. Once again, the expected result, i.e., the response in base is larger than that 
in acid, was observed. The formulated particles, however, were dispersed in water, 
and this made suspending the particles in HYP AN somewhat problematic. As soon 
as the particles made contact with the HYP AN, a hydrogel would start to form. A 
better way to suspend particles in HYP AN would be to dry the particles and 
resuspend them in DMSO. DMSO is the solvent in which the HYP AN is suspended.
Although the change in absorbance between acid and base is relatively small, 
the major advantage of HYP AN membranes, especially HYP AN (80), can be seen 
from monitoring the response versus time as shown in Figure 5-6. The response time 
of the particles from formulation no. 1 in HYP AN was considerably shorter than the 
response time in poly HEMA. Once again, the response time for swelling was longer 
than shrinking. For shrinking, the response time was about 0.77 minutes, while the 
response time for swelling was about 1.1 minutes. These quicker response times are 
much more appropriate for a sensor. They make up for the fact that HYP AN can be a 
difficult hydrogel to handle and fabricate into membranes.
The apparent pK* of the particles produced from formulation no. 1 was 
determined using 0.1% (w/w) beads in various HYP AN membranes. HYP AN was 
chosen for this study due to its fast response time. The response of the particles in 
various HYPANS at different pHs is shown in Figure 5-7. The absorbance was 
monitored at 900 nm and was plotted versus pH.
Because on the difference in refractive indices of the various HYP AN 
membranes, the response in HYP AN (80) is larger than in HYP AN (50). The 
refractive indices of HYP AN membranes of various water content were determined to
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RESPONSE TIME OF 0.1% (W/W) BEADS {FORMULATION NO. 1)
IN HYP AN 80
Absorbance vs. Time (minutes) -0.1% (v/v) beads 
in HYP AN (80)
0.06 nm
0 0 - - I J ( J W W A :U U l U l f f i f f \ v l N l O O O O ' 0 > 0 -
Time (minutes)
Response Times
pH 4 to 10 = 0.84 minutes 
pH 10 to 4 = 1.10 minutes 
pH 4 to 10 = 0.69 minutes
FIGURE 5-6: Response time of 0.1% (w/w) beads (formulation no. 1)
in HYP AN 80
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SO
I
DETERMINATION OF THE APPARENT dK, OF PARTICLES PRODUCED
IN FORMULATION NO. 1
Absorbance vs. pH 

























FIGURE 5-7: Response of particles from formulation no. 1 
in various HYPANS at varying pH
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be 1.3592,1.3818, and 1.4012 for HYPAN 80, 68 and 50, respectively. The 
difference in refractive index between the particles and HYPAN 80 is the greatest and 
results in a larger signal. It was also thought that HYPAN 80 would probably have 
the shortest response time because it contains the most water; therefore the analyte 
should diffuse more rapidly than in HYPAN 50. This was shown to be true in later 
studies.
From Figure 5-7, it can be seen that the particles formed in formulation no. 1 
have two apparent pKaS; this was unexpected. The first pK* at approximately 4.6 was 
in agreement with the pKa previously determined by Firman.117 This pKa is for the 
protonated nitrogen in the pyridine aromatic ring in the polymer. This pKa is lower 
than the known pKa of 5.23. The second pKa around 9.3 was totally unexpected since 
there is only one site on the molecule to be protonated. However, it is possible that 
the orientation of some of the nitrogens in the pyridine molecules are close to each 
other. These nitrogens could coordinate a hydrogen between them. It has been 
reported in the literature that this can occur.118 This would be a weak interaction that 
results in a relatively easier deprotonation. Therefore, the second apparent pKa is 
higher. The change in absorbance between pH 9.2 and 9.4 is very small, which 
would indicate that although there are some pyridine rings arranged close enough to 
each other to share a proton, there are relatively few in this position. Upcoming 
results, however, will show a larger absorbance change at this pH.
Although these beads did show a change in response between acid and base 
and had the interesting result o f exhibiting two pKaS, they were not tested further on
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the instrumentation for remote sensing. This was due to the fact that the overall 
change in response was not that large.
Optical Results from Formulation No. 8 
Particles from formulation no. 8 were cleaned and used for further testing. This 
section will discuss the results from the optical testing of membranes embedded with 
particles from formulation no. 8.
Response of Particles in polv (HEMA)
The particles from formulation no. 8 were first examined in a poly (HEMA) 
membrane. The response of the particles in poly (HEMA) is shown in Figure 5-8. 
Although there is the expected result that the response in pH 10 is greater than pH 4, 
the percent change in response in poly (HEMA) is only 36% at 900 nm.
The response time of the particles in poly (HEMA) was also examined and once 
again, it was seen that membranes fabricated from poly (HEMA) have long response 
times, on the order of several minutes. The response time for shrinking, in this case, 
was longer than swelling by a couple of minutes.
Response of Particles in HYPAN
The response of the particles was then examined in the various available 
HYPANs. The pKa was determined in the various HYPANs and the results are 
shown in Figure 5-9. Once again, the response was highest in HYPAN (80). Two 
apparent pKaS were observed with these particles as well. The two pKaS are at 
approximately 4.5 and 9.7. The magnitude of both changes is about the same. The 
magnitude of the change is different than that seen for formulation no.l. Formulation 
no.l has a larger change around 4.8 and a smaller one around 9.3. As mentioned,
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RESPONSE OF 0.1% (W/W) PARTICLES /FORMULATION NO. 8)
IN POLYfHEMA)
Absorbance vs. Wavelength (nm) 















FIGURE 5-8: Response of 0.1% (w/w) beads (formulation no. 8) 
in poly(HEMA) -  note: glitch at 800nm is instrumental in nature due to a
detector change
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DETERMINATION OF THE APPARENT pK. OF PARTICLES FROM
FORMULATION NO. 8
Absorbance vs PH 
0.1% (w/w) beads in HYPAN - 50, 68, 80
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FIGURE 5-9; Determination of the pKa of particles 
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formulation no. 8 has two pB^s of about the same magnitude. This could suggest that 
the pyridine groups in formulation no. 8 were closer to each other. Only these two 
formulations, in which water was used as the solvent for the dispersion medium, 
produced particles that appeared to have two pKaS. It is not known why any particles 
produced in a dispersion medium of water exhibit this effect. The orientation of the 
pyridine groups in the particles was not investigated experimentally.
The response time of the particles produced from formulation no. 8 was measured 
in a HYPAN (80) membrane and is shown in Figure 5-10. The response times of the 
particles in HYPAN (80) were rapid with little difference between the shrinking and 
swelling cycles.
The dispersion polymerizations performed in water were not a good method to 
produce particles from the monomer 4-vinyl pyridine. Many formulations 
coagulated. The choice of solvent for cleaning the particles is usually the major 
solvent of the dispersion system. Initially, all formulations were cleaned in ethanol, 
methanol and water. Some formulations got clean only in ethanol. Many were 
cleaned in water and then coagulated when resuspended. There did not seem to be 
much control over the reactions. Typically with dispersion polymerizations, the size 
and distribution of the particles can be manipulated by changing the amount of 
monomer, stabilizer or initiator. This was not the case with the dispersion 
polymerization of 4-vinyl pyridine in water. The choice of solvent system is the most 
obvious way to change the size and distribution of the particles. It was decided to 
switch the solvent system from water to toluene. The next section of this chapter will 
discuss the results of the dispersion polymerization of vinyl-pyridine in toluene.
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RESPONSE TIME OF PARTICLES PRODUCED FROM 
FORMULATION NO. 8 IN HYPAN 80
Absorbance vs. Time (minutes)
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pH 4 to pH 10 =  0.67 minutes 
pH 10 to pH 4 = 0.67 minutes 
pH 4 to pH 10 =  0.69 minutes
FIGURE 5-10: Response time of 0.1% (w/w) beads (formulation no. 8) in
HYPAN 80
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Dispersion Polymerization of 4-Vinvl Pyridine in Toluene 
Results from the Dispersion Polymerization in Toluene
It was found in the literature that it is possible to synthesize uncrosslinked 
particles of 4-vinyl pyridine in toluene.119 The formulation used by these researchers 
had a large w/w% of monomer and a moderate weight percent of stabilizer. The 
stabilizer used was a Kraton diblock copolymer. DMF was added to the dispersion 
medium to increase the particle size. DMF is a very polar solvent that increases the 
polarity of the dispersion medium. The resulting polymer is soluble in polar solvents, 
and therefore longer chains can be produced before they coalesce to form nuclei.
This results in the formation of larger particles. It was decided to try the formulation 
shown below with two different Kraton stabilizers, G1701 and G1702. Kraton G1701 
and G1702 are diblock polymers consisting of polystyrene end blocks and a saturated, 
poly(ethylene-propylene) block. Kraton G1701 has a styrene/rubber ratio o f37/63. 
Kraton G1702 has a ratio of 28/72. A typical formulation used in the toluene 
dispersions was:
25% (w/w solvent) monomer 
15% (w/w monomer) stabilizer 
2 % (w/w monomer) initiator 
2 % (mol/mol monomer) crosslinker 
180 ml toluene
The formulations tried in toluene are shown in Table 5-2.
The first formulations were done in 100% toluene in accordance with the 
formulation above. The first formulations had no crosslinker (formulation no. 1 and 
no 3). The particles produced from these formulations are shown in Figure 5-1 la.
The produced particles are not much different in size, but do differ in appearance. It
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FORMULATIONS FOR DISPERSION POLYMERIZATIONS 












1 100% Toluene 25 15-G1702 2 none 1.08±0.05nm 5-1 la
2 100% Toluene 25 15-G1702 2 2% DVB l.8±0.4 (xm 
cauliflowers 5-1 lb
3 100% Toluene 25 15-G1701 2 none I.15±0.03jun 5-1 la
4 100% Toluene 25 15-G1701 2 2%  DVB coagulation 5-1 lb
5 95% Toluene 
5% DMF
25 15-G1702 2 none 2.0±0.4nm 5-1 lc
6 95% Toluene 
5% DMF
25 15-G1701 2 none 2.0±0.3|im 5-11c
7 95% Toluene 
5% DMF
25 15-G1701 2 2%  DVB coagulation —
8 95% Toluene 
5% DMF
25 15-G1702 2 2%  DVB coagulation —
9 90% Toluene 
10% DMF
25 15-G1702 2 2%  DVB coagulation —
10 75% Toluene 
25% DMF
25 15-G1701 2 2%  DVB coagulation —
11 95% Toluene 
5% DMF
25 15-G1702 2 1 % DVB coagulation —
12 95% Toluene 
5% DMF
25 15-G1701 2 1 % DVB coagulation —
13 100% Toluene 25 15-G1702 2 2 % EGDMA 1.24±0.04|im —
14 100% Toluene 25 15-G1702 2 2 % TEGDMA coagulation —
15 100% Toluene 25 15-G1702 2 2 % distyrene coagulation —
16 100% Toluene 16 29-G1652 8 5 % EDGMA 
- 1 hour after nudeation
1.3±0.3|im 5-1 le
17 100% Toluene 25 15-G1702 2 2%  DVB 0.8±0.2(im 
- 10 min after nudeation
5-1 If
18 100 % Toluene 25 I5-G1702 2 2%  DVB l.3±0.3|im 5-1 If
- 1 hour after nudeation
TABLE 5-2: Formulations for dispersion polymerizations of 4-vinyl pyridine
performed in toluene
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SEM PICTURES OF VINYL PYRIDINE PARTICLES (FORMULATION
NO. 1 AND 3) PRODUCED BY DIPSERSION POLYMERIZATION IN
TOLUENE
Formulation No. 1 
Stabilizer G1702
V
Formulation No. 3 
Stabilizer G1701
FIGURE 5-lla: SEM pictures of particles produced in toluene 
(formulations no. 1 and 3)
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appears that particles produced with G1702 as the stabilizer resulted in smoother 
beads with a better morphology, compared to G1702. Apparently, less styrene in the 
stabilizer resulted in beads with a better morphology. G1701 would have more 
poly(ethylene-propylene) blocks partitioned into the particles during stabilization and 
this may have something to do with the improved morphology.
It was then attempted to crosslink the particles with DVB since crosslinked 
materials are needed for the optical fiber sensor. Poly (vinyl pyridine) is also water 
soluble, so crosslinking is needed to prevent the particles from dissolving. Polar 
monomers containing nitrogen have been seen to have poor copolymerization 
properties. Crosslinker was added to formulation no. 1 and no. 3 to crosslink the 
particles. These formulations, no. 2 and no. 4, appeared as a latex about 10 minutes 
after the polymerization was initiated. This was much longer than the nudeation time 
of formulation no. 1 and no. 3. The results from attempting to crosslink the particles 
are shown in Figure 5-lb. The particles from formulation no. 2 are not bead like, but 
appear more like cauliflowers. The product from formulation no. 4 appears like pre­
cauliflower polymer. It seems to be not stabilized enough to form the cauliflowers.
It was originally thought that the DVB oligomers were too soluble in the toluene 
medium and resulted in what appears the late addition of crosslinker to the nudeation,
i.e., cauliflowers. However, the cauliflowers are more likely the result o f the 
reactivity of the vinyl pyridine radical. The vinyl pyridine radicals are more likely to 
react with each other than with a DVB radical. The reactivity ratios for vinyl pyridine 
and styrene (as a model for DVB), are 1.04 and 0.22 respectively.120 This indicates 
that the monomer radicals would preferentially react with itself more often than
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SEM PICTURES OF VINYL PYRIDINE PARTICLES (FORMULATION






FIGURE 5-llb: SEM Pictures of particles produced in toluene 
(formulations no. 2 and 4)
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with DVB to crosslink the particles. The DVB radicals crosslink later in the 
polymerization, and this difference in rates of reactivity leads to the misshapen 
particles. The particles from formulation no. 2 were cleaned anyway and used for 
further optical testing. A response was not expected due to the poor shape of the 
particles, but they did perform well. These results are discussed in the upcoming 
section.
Dispersions with added DMF were evaluated to see how a polar solvent would 
affect particle size. Dispersions were performed with 5% v/v DMF (formulation no.
5 and no. 6). This resulted in much larger particles, as seen in Figure 5-1 lc. The 
particles produced from these formulations were more polydisperse, as well. There 
was not much difference in the products this time between the two different 
stabilizers.
Crosslinker was added to these formulations (formulation no. 7 and no. 8). This 
resulted in latex that would coagulate over time. Other solvent combinations of DMF 
and toluene were tried (formulation no. 9 and no. 10) as the dispersion medium with 
DVB as a crosslinking agent. Once again, this resulted in a quickly formed latex that 
would coagulate with time.
The amount of crosslinker in the dispersion was decreased to try to change the 
morphology of the cauliflower particles. It was originally thought that the DVB was 
reacting with itself outside the particle and causing the bumpy appearance. When the 
amount of crosslinker was decreased to 1%, however, (formulations no. 11 and no.
12) the latex that formed quickly coagulated. From this information, it would seem 
that increasing the amount of crosslinker might improve the appearance of the
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SEM PICTURES OF PARTICLES PRODUCED FROM DISPERSION
POLYMERIZATIONS IN A MIXED SOVLENT SYSTEM 
OFTOLUENE AND DMF (FORMULATIONS NO. 5 AND 6)
Formulation No. 5 
G1702 Stabilizer
Formulation No. 6 
G1701 Stabilizer
FIGURE 5-1 lc: SEM pictures of particles produced from dispersion 
polymerizations in a mixed solvent system of toluene and DMF
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particles. The experience in the research group, however, has been that particles 
crosslinked with more than 2 % mol/mol crosslinker are too crosslinked to swell and 
particles with less deform after a few shrinking-swelling cycles. The polymerization, 
therefore, was not tried with increased crosslinker amounts.
The type of crosslinker used was then investigated. Three other crosslinkers were 
investigated, tetraethylene glycol dimethacrylate (TEGMA), ethylene glycol 
dimethacrylate (EDGMA), and l,2-bis(vinyl phenyl) ethane (formulations no. 13,14, 
and 15). Formulation nos. 14 and 15 coagulated early in the polymerization process, 
but formulation no. 13 produced a latex that polymerized for 8 hours and was cleaned 
for further testing. The particles produced from formulation no. 13 are shown in 
Figure 5-1 Id. It was thought that these particles were crosslinked, but when tested 
optically, these particles dissolved.
Due to the high reactivity of the vinyl pyridine radical, the EGDMA was 
polymerized after the particles of vinyl pyridine were formed. This resulted in 
uncrosslinked particles. The reactivity ratios of 4-vinyl pyridine and HEMA (as a 
model for EDGMA), are 0.9 and 0.09, respectively.120 The crosslinker EDGMA is 
even less reactive to the pyridine radicals than DVB. This resulted in smooth, 
uncrosslinked particles.
It was then seen in the literature that it was possible to crosslink vinyl 
pyrrolidine particles with EDGMA if  the crosslinker was added after the nucleation of 
the vinyl pyrrolidine particles.121 This type of polymerization could be considered a 
quasi-seeded dispersion polymerization. The seed particles are the vinyl pyridine 
nuclei, which can absorb the crosslinker oligomers to produce crosslinked particles.
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4-VINYL PYRIDINE PARTICLES PRODUCED FROM DISPERSION
POLYMERIZATION IN TOLUENE WITH 2% EGDMA CROSSLINKER
(FORMULATION NO. 131
FIGURE 5-1 Id: 4-Vinyl pyridine particles produced by Dispersion Polymerization 
in Toluene with 2%  EGDMA Crosslinker
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A formulation similar to the literature formulation for vinyl pyrrolidine was tried.
This formulation was much different than other dispersion polymerizations. It had 
5% crosslinker present, which was added 1 hour after the nucleation of the vinyl 
pyrolidine particles. An increased amount of 8% initiator was employed. This was to 
provide enough initiator for the polymerization of the monomer and the 
polymerization of the crosslinker added later. The amount of stabilizer was also 
larger than usual. A different type of Kraton was used in a large amount. This was 
Kraton G1652. There was doubt that the dispersion would work under these 
conditions, but it did. The particles produced from formulation no. 16 are shown in 
Figure 5-1 le. The beads have a diameter of 1.3 pm and are fairly monodisperse. It 
was thought that although the formulation produced particles, they would not shrink 
and swell due to the high percentage of crosslinker. However, in testing the particles 
optically, it was seen that it was possible to swell and shrink these particles and obtain 
a change in response between acid and base.
It was then decided to try the formulation listed in line no. 2 with DVB added 
after the original nucleation of the vinyl pyridine particles. The crosslinker was 
added 10 minutes and 1 hour after nucleation (formulations 17 and 18, respectively). 
The particles produced from these formulations are shown in Figure 5-1 If. As seen 
in the figure, the particles produced by adding the DVB ten minutes after the 
nucleation are small but with improved morphology. By adding the crosslinker 10 
minutes after nucleation, beads, rather than cauliflowers, were produced. When the 
crosslinker was added one hour after nucleation, the produced particles increase in 
size, from 0.8 to 1.3 pm. Since the polymerization of the vinyl pyridine particles
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SEM OF PARTICLES PRODUCED FROM FORMULATION NO. 16 -  POLY 
(PYRIDINE PARTICLES) CROSSLINKED WITH 5% EDGMA
FIGURE 5-lle: SEM of particles produced with 5 % EDGMA added 1 hour
after nucleation
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SEM PICTURES OF PARTICLES PRODUCED FROM DISPERSION 
POLYMERIZATION IN TOLUENE -  2% CROSSLINKER (DVB1 ADDED 
AFTER VINYL PYRIDINE NUCLEATION 
(FORMULATION NOS. 17 AND 18)
Formulation No. 17 
DVB added 10 minutes 
after nucleation 
0.8 ± 0.2 tun
Formulation No. 18 
DVB added 1 hour 
after nucleation 
1.3 ±  0.3 fim
FIGURE 5-1 If: Comparison of particle synthesized by adding crosslinker to 
the dispersion after nucleation of vinyl pyridine particles
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proceeded longer, it is likely that the “seed” particles used in this dispersion were a 
large size and therefore resulted in larger particles. These particles were cleaned, 
characterized by UV-Vis spectroscopy and used for further testing with optical fiber 
sensors. The results o f membranes containing particles synthesized from the 
dispersion polymerization of 4-vinyl pyridine in toluene are discussed in the next 
section.
Optical Testing of Particles Produced from Dispersion Polymerization in 
Toluene
Particles from the dispersions in toluene were primarily tested in HYP AN 
hydrogels to characterize their optical behavior. Particles were tested in various 
HYPANS and pH’s to assess the possibility of using the particles on an optical fiber 
chemical sensor.
The first particles that were tested were formulation no. 1 and no. 3. Although the 
particles were not crosslinked, this allowed us to find out if the beads could be 
resuspended into the DMSO-HYPAN mixture. Also, since it is such a polar 
molecule, there were faint hopes that the polarity could help hold the particle 
together. The particles were suspended in HYP AN and cast into a membrane that 
was tested. Although a change in response was observed, the response changed with 
time, indicating that the particles were dissolving over time. It could also be seen by 
eye that the section of the membrane that was exposed to acid and base through the 
course of the experiment was transparent after the experiment, instead of opaque. It 
was thought that the particles may be leaching out of the HYP AN membrane, but 
subsequent testing of other particles in HYP AN showed that this was not the case.
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Results from Formulation No. 2
The cauliflower shaped beads were tried next. It was not known what the 
response would be or if the particles would work at all. When particles (0.1% w/w) 
were initially evaluated in poly HEMA there was a change in response between acid 
and base, as shown in Figure 5-12. The change in response was larger than the 
change in response for the particles prepared in water. The response time of the 
membranes was also measured. This is shown in Figure 5-13. The membrane was 
cycled from pH 4 to pH 10 and the absorbance versus time was measured. The 
response time, indicated in the figure, was taken as the time to reach 90% of the total 
signal. The response time was longer for the swelling, as usual. The response time 
for the shrinking was considerably shorter. Still, the response times are on the order 
of minutes and not really suitable for the optical fiber sensor.
A higher concentration, 1.0%, of particles was also tried in HEMA. These results 
are shown in Figure 5-14. It can be seen that there was little change in response for 
the membrane at lower wavelengths. There was some change at longer wavelengths. 
The overall absorbance measured for the membrane is also increased due to the 
increased amount of particles. The response time for the 1.0% membrane was longer 
than the response time for the 0.1% membrane. The response time curve for the 
cycling from pH 4 to pH 10 is shown in Figure 5-15. When examining the change in 
response versus the concentration of beads, it was seen that as bead concentration 
increases, so does the absorbance, as expected. It can be seen from Figure 5-16 that 
this is true for the particles produced in formulation no. 2 in poly(HEMA). The 
absorbance does not change that much from pH 7 to pH 10; the first pKa is much
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ABSORBANCE VS. WAVELENGTH FOR 0.1% (W/WIPARTICLES
(FORMULATION NO. 2) IN A POLYfHEMA) MEMBRANE
AT pH 4 AND 10
Absorbance vs. Wavelength (nm)



















FIGURE 5-12; Response of formulation no. 2 in HEMA -  76 pm thick 
membrane in pH 4 and pH 10 (IS-0.1)
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TIME RESPONSE CURVE OF 0.1% fWTW) BEADS (FORMULATION
NO. 21 IN A 76 urn THICK POLY HEMA MEMBRANE
Time (minutes) vs. Relative Absorbance 
- 0.1% (w/w) beads (formulation no. 2) in poly HEMA 











Response time from pH 10 to pH 4 -  1.25-11.075= 10.95 minutes 
Response time from pH 4 to pH 10 -  13.558-17.758= 4.2 minutes 
Response time from pH 10 to pH 4 -  19.725-30.008= 10.28 minutes
FIGURE 5-13: Time response curve of 0.1% (w/w) beads (formulation no. 2)
in poly HEMA
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RESPONSE OF 1.0% fW/W> BEADS (FORMULATION NO. 21 IN POLY
HEMA AT pH  4 and pH  10
4*Wa«
ahmof/s£i<
Absorbance vs. Wavelength (nm) - 1.0 % (w/w) beads 






















FIGURE 5-14: Response of 1.0% (w/w) particles (formulation no. 2) in poly
HEMA -  pH 4 and 10
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RESPONSE TIME CURVE FOR 1.0% (W/W> PARTICLES
(FORMULATION NO. 2) IN POLY HEMA FROM pH  4 TO pH  10
Absorbance vs. Time (minutes)
- 1.0%  (w/w) beads (formulation no. 2) in poly HEM A • 






Response time from  pH  4 to pH  10 -0-12.425= 12.425 minutes
FIGURE 5-15: Response tim e curve for particles (form ulation no. 2) in poly 
H EM A  -1 .0  %  (w/w) particles in pH  4 and  pH  10
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EFFECT OF CONCENTRATION OF PARTICLES (F2) IN A HEMA 
MEMBRANE ON RESPONSE AT VARYING nHS
pH vs. Absorbance - Particle (formulation no. 2) in poly HEMA 







pH - IS/BC- 0.1
FIGURE 5-16: Change in Absorbance vs. Concentration of Particles 
(formulation no. 2 vs. pH in poly HEMA
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stronger and responsible for the change seen between pH 4 and pH 10.
It was then decided to test the particles in the various HYPANs: 50,68, and 80. 
Membranes were prepared using HYP AN as the hydrogel with various volume 
percentages of the particles. These membranes were hydrated and characterized 
using a UV-Vis spectrophotometer, as described in Chapter 3.
The change in response to pH 4 , pH 7 and pH 10 buffer at various concentrations 
of particles and different HYPANS was first measured. Figure 5-17 shows the 
change in absorbance versus wavelength for the particles produced from formulation 
no. 2 in HYP AN (80) with 0.1,0.5 and 1.0% (w/w) particles. From this figure it can 
be seen that there is a change in response in the particles from pH 4 to pH 7 or pH 10. 
There is little or no change in response between pH 7 and pH 10, indicating that the 
first pKa is the dominate pKa in this formulation. This could indicate that there are 
very few nitrogens in the particle that are close to each other. Also noted with these 
particles was the change in the shape of the spectrum once the pKa was passed. This 
change in shape was consistently observed. It is due to spectral differences between 
the protonated and nonprotonated forms of the vinyl pyridine.
The response time of the 0.1% (w/w) membrane in HYP AN (80) is shown in 
Figure 5-18. This figure shows that the change in response with these HYP AN 
membranes was very quick and the total response time was on the order of minutes.
The response time of the 0.5% (w/w) membrane in HYP AN 80 was measured in 
acid and base and is shown in Figure 5-19. The response time of the 1.0 % (w/w) 
membrane of HYP AN 80 is shown in Figure 5-20. Once again the response times are 
quick, on the order of a couple minutes and the appearance is a sharp curve.
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Absorbance vs. Wavelength (nm)
■ 0.1% (w/w) beads (formulation no. 2) 














Absorbance vs. Wavelength (nm) 
0.5% (w//w) beads (formulation no. 2) 











Absorbance vs. Wavelength (nm) 
1.0% (w/w) beads (formulation no. 2) 













FIGURE 5-17: Response of various concentrations of particles (formulation no. 2)
in HYPAN 80
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RESPONSE TIME OF 0.1% (W/W> BEADS /FORMULATION NO. 2)
IN HYP AN (801
Absorbance vs. Time (minutes)









Response time from pH 10 to pH 4 -1.54-2.64 = 1 minute 
Response time from pH 4 to pH 10 -4.925-6.36 = 1.435 minutes 
Response time from pH 10 to pH 4 -  8.625-11-375=2.75 minutes
FIGURE 5-18: Response time of 0.1% (w/w) beads (formulation no. 2)
in HYP AN (80)
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TIME RESPONSE CURVE OF 0.5% (WAV) BEADS (FORMULATION
NO. 21 IN HYP AN (801
Absorbance vs. Time (minutes)



















o to OS o Os
Time (minutes)
Response time from pH 10 to pH 4 -  1.125-4.658 = 3.533 minutes 
Response time from pH 4 to pH 10 -  5.16-6.025 = 0.865 minutes 
Response time from pH 10 to pH 4 - 7.61-11.09 = 3.48 minutes 
Response time from pH 4 to pH 10 -  12.31-13.025 =0.715 minutes
FIGURE 5-19: Response time of 0.5% (w/w) beads (formulation no. 2) in
HYP AN (80)
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TIME RESPONSE CURVE OF 1.0% (WAV) BEADS (FORMULATION
NO. 2) IN HYP AN (801
Absorbance vs. Time (minutes)













O 00 o u»
Time (minutes)
Response time from pH 10 to pH 4-0.645-4.85=4.21 minutes 
Response time from pH 4 to pH 10-6.275-7.06 = 0.785 minutes
FIGURE 5-20: Time response curve of 1.0% (w/w) beads (formulation no. 2)
in HYP AN (80)
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The measured absorbance of the particles versus concentration is shown in Figure 
5-21. The absorbance increases as the bead concentration increases. There is little 
change in response between pH 7 and pH 10. At 0.1% (w/w) beads, the change in 
response is quite low. As the bead concentration increased above 0.1 % (w/w) in this 
case, the magnitude of the change between pH 4 and pH 7 increased as well.
The pKa of the produced particles was determined by scanning a membrane in 
buffers (ionic strength =0.1M) and monitoring the change in absorbance. A 
membrane of 0.5% (w/w) beads was prepared in the three HYPANs, 50,68 and 80, 
and evaluated. The reason 0.5% (w/w) beads in a membrane were chosen because 
they combine a relatively large change in response with a relatively short response 
time.
Membranes were prepared and scanned initially in pH 4 and pH 10 to determine if 
the change in response would be great enough to determine a pKa. The individual 
membranes were scanned and their spectra are shown in Figure 5-22. Because 
change in response between the two pHs is relatively large, these particles in 
HYPANs would be suitable for use on the remote sensing instrument. Based on the 
pKaS of the vinyl pyridine particles that were produced in water, it was known that a 
pKa of the particles should be between pH 4 and 5. Buffers with an ionic strength of 
0.1 M were prepared in this range to determine the pKaof the particles. The results of 
scanning the membranes in the various pHs are shown graphically in Figure 5-23. It 
was determined that the pKawas around 4.6. It was also seen that the HYP AN (80) 
had the largest absorbance. This is due to the fact that difference in refractive index 
between the particles and the HYP AN is greatest for HYP AN (80). This results in
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CONCENTRATION OF PARTICLES (W/W) VS. ABSORBANCE FOR 
PARTICLES FROM FORMULATION NO. 2 IN HYP AN (801
pH vs. Absorbance - Particles from formulation no. 2 















4 6 8 10
*0.1% beads 
*0.5 % beads 
■ 1.0% beads
pH
FIGURE 5-21: Concentration of beads (w/w) vs. absorbance for particles 
from formulation no. 2 in HYPAN (80)
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SPECTRA OF 0.5% fW/Wt PARTICLES (FORMULATION NO. 
2) IN VARIOUS HYPANS (50. 68)
Absorbance vs. Wavelength (nm)
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FIGURE 5-22: Spectra of 0.5% (w/w) beads (formulation no. 2) in 
various HYPANS (50,68)
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DETERMINATION OF THE PK a OF 0.5% (W/W) BEADS
(FORMULATION NO. 2) IN VARIOUS HYPANS
Absorbance vs. pH 














FIGURE 5-23: Determination of the pk. of 0.5% (w/w) beads (formulation
no. 2) in various HYPANS
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more reflection and therefore a higher signal.
A membrane was prepared and cycled through various pHs to investigate the 
reversibility of the membrane. Approximately 1.5% beads (w/w) were placed in a 
membrane which was cycled from acid to base and back. The results are shown in 
Figure 5-24. As it can been seen in this figure, although the membrane was only 
cycled once, there was little change in the response in going from acid to base and 
vice versa. Typically, the HYPAN membranes containing poly pyridine particles 
exhibit a very sharp change to pH. They act almost like a switch going from a 
maximum to minimum response over a short pH interval.
These particles and the HYPAN membrane solutions containing them were 
further tested on the remote sensing instrumentation described in Chapter 4. These 
results are discussed in Chapter 6.
Characterization of Particles Produced from Formulation No. 16
The particles prepared from formulation no. 16 were further tested optically. 
These were the particles that had 5 % mol/mol crosslinker (EDGMA) that was added 
one hour after the nucleation phase of the polymerization. It was not thought that 
these particles would work due to the high degree of crosslinking, but it appears that 
they do. The particles were tested in the various HYPAN hydrogels. The pKa of the 
prepared particles was determined by the method previously mentioned.
HYPAN hydrogel membranes were prepared with 0.5% (w/w) beads from 
formulation no. 16. The membranes were made from the various available HYPANs. 
The membrane spectra were first measured in pH 4 and pH 10 to determine the 
change in response between the two pHs. The change in response to pH for the
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MEMBRANE OF PARTICLES (0.5% W/W> FROM FORMULATION NO. 2 
CYCLED FROM pH 4 TO pH 10 -  EXAMINATION OF REVF.RSIBIT .TTY
Absorbance at 900 nm vs. pH- 
~1.5% (w/w) beads (formulation no. 2) in HYP AN (80)
0.16 -|
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FIGURE 5-24: Membrane of particles (0.5 % w/w) from formulation no. 2 cycled
from pH 4 to pH 10 and back
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the membrane prepared from HYP AN (68) is shown in Figure 5-25. Some interesting 
but unexpected results were observed from scanning this membrane. First, there was 
a change in response and the change in response was on the order of minutes. This 
was not expected due to the high crosslinker content in the particles. The absorbance 
measured when the membrane was in acid is quite low. All membranes prepared 
with these particles and scanned had the appearance of the spectra in Figure 5-25. 
Membranes were also prepared using HYP AN (50) and (80) and scanned to see the 
change in response. The membranes were scanned at many different pHs to 
determine a pKa for the particles. The pH areas that were targeted, as usual, were 
around pH 4-5 and pH 9-10. The results from these scans are shown in Figure 5-26. 
The absorbance of the membrane in the acid form is again quite low. As it can be 
seen, there is a strong pKa change around pH 4.6. It appears that there might be the 
second apparent pKa observable in these particles. There is a slight change in 
response around pH 9, but it is very slight and not as big as the change seen from the 
particles synthesized in water. The response in HYP AN (80) was the greatest and the 
change in response was about the same for HYP AN (80) and (68). It is not known 
why the overall change in response in HYP AN 50 is not as great as the other two. It 
is possible that this membrane did not contain the same amount of particles as the 
other two. The area of the membrane that was scanned may also have been deficient 
in particles. Even though the change in response is not the same, the location of the 
pKa is.
These particles and the HYP AN solutions used for the membrane fabrication were 
further tested by preparing sensors on the instrument. These results are presented in
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ABSORBANCE VS. WAVELENGTH FOR 0.5 % (w/w) BEADS 
(FORMULATION NO. 161 IN A HYP AN (68) MEMBRANE AT pH 4 and
pH 10
Absorbance vs. Wavelength (nm) - 







FIGURE 5-25: Results from scanning 0.5 %  (w/w) beads (formulation no. 
16) in a HYP AN (68) membrane at pH 4 and pH 10
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DETERMINATION OF THE pK. OF PARTICLES FROM
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FIGURE 5-26: Determination of the pK. of particles from formulation
16 in various HYPANS
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Chapter 6.
Characterization and Testing of Particles from Formulation No. 17 and No. 18
The DVB crosslinked particles (formulation no. 17 and 18) that were finally 
synthesized were characterized by spectroscopy. These particles were synthesized by 
adding the crosslinker to the dispersion medium a certain time after the nucleation 
phase. These particles were suspended in HYP AN membranes and scanned using 
spectroscopy. These particles were also tested on the instrument to see a change in 
response, as well as to determine the pKa of the particles.
The particles in which the DVB was added one hour after the nucleation were 
tested first. They were the slightly larger of the two formulations. The absorbance 
versus wavelength was measured at various pHs to produce a pKa curve. This is 
shown in Figure 5-27. The pKa was approximately 4.6. The pKa transition for these 
particles was not as sharp as for some of the other particles tested.
The last formulation tested and characterized was Formulation No. 18. These 
were the particles that were produced by adding the DVB 15 minutes after nucleation 
and were approximately 0.8 pm in size. The pKa of these particles was determined by 
scanning membranes in the various HYPANs at different pHs. The results are shown 
in Figure 5-28. Again, the pKa change was seen to be around 4.6, although the 
transition is not as sharp as others. Also, the overall change measured in HYP AN 
(50) is lower than (68) or (80). The changes in response for the latter were relatively 
large. These particles would have probably been suitable for remote sensing. The 
response time of these particles, however, was measured spectrophotometrically and 
is shown in Figure 5-29. The response time for the shrinking cycling was relatively
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Absorbance vs. pH 
0.5 % (w/w) beads (formulation no. 17) 











FIGURE 5-27: Determination of the pka of particles produced from
Formulation No. 17
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DETERMINATION OF THE p K . OF 0.5% (W/W) PARTICLES
(FORMULATION NO. 18) IN VARIOUS HYPANS
Absorbance vs. pH - 0.5% (w/w) beads 




FIGURE 5-28: Determination of the pK, by spectroscopy of 0.5% (w/w) 
particles (formulation no. 18) in various HYPANS
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TIME RESPONSE CURVE FOR 0.5% (WAV1 PARTICLES IN HYPAN 80
-7 6  m n MEMBRANE CYCLED FROM p H  4 TO pH 10
Absorbance vs. Time (minutes)
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Time (minutes)
Response time from pH 10 to pH 4 — 1.55 minutes 
Response time from pH 4 to pH 10 — 0.85 minutes
FIGURE 5-29; Time response curve for 0.5% (w/w) beads in HYPAN 80 
-  76 pm membrane cycled from pH 4 to pH 10
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fast, less than one minute. The swelling response time was greater, as usually seen, 
but was still relatively fast. It was approximately one and half minutes. Again, 
membranes prepared in HYPAN were seen to have very quick response times. The 
change in the membrane was visible by eye. The change in response occurs very 
quickly and cannot be measured accurately because it take time to add the buffer and 
then get the spectrophotometer running again to collect data. Although this might 
take as little as 30 seconds, it appears that the response is already changed before the 
spectrophotometer starts to record data again.
Dispersion Polymerization of Vinyl Imidazole 
Dispersion polymerizations were also tried using vinyl imidazole (VI) as the 
monomer to synthesize polymer microparticles that contained a basic nitrogen in the 
structure. This would eliminate the need for a derivatization step. The formulation 
used for the initial VBC dispersion was tried using VI as the monomer. The 
monomer was not distilled in this case. The dispersion attempt failed; the clear 
solution remained clear throughout successive hours of heating. This indicates that 
either no polymer formed or the small polymer particles formed that were too small to 
precipitate out of solution. Since VI is a polar monomer, it is very soluble in the 
water/ethanol mixture and it was thought that any produced polymer would be soluble 
in this medium. Hence, the dispersion did not work.
For all other attempts of the dispersion polymerization of vinyl imidazole, the 
monomer was first distilled from a crude, brownish liquid to a relatively pure and 
colorless liquid. This was done under vacuum (47 “C/0.1 mm Hg). The distillate was 
collected and stored in the freezer in an amber bottle under nitrogen.
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Non-polar solvent systems were then tried as the dispersion medium. The same 
formulation was used but toluene and benzene were used as the solvents instead of 
ethanol. The dispersion performed in benzene resulted in an amphorous blob of 
polymer. A dispersion in toluene was then tried using the following formulation, but 
first without crosslinker:
5% (w/w) monomer -  VI 
2% (mol/mol) crosslinker -  DVB 
22% (w/w) stabilizer -  PVP 
2 % (w/w/) initiator- AIBN 
toluene
With this formulation however, it was noted that it took almost a two hours to get all 
the PVP dissolved into the toluene. The choice of the PVP was not appropriate as the 
stabilizer in this dispersion. The dispersion with no crosslinker present resulted in a 
latex forming after approximately 15 minutes. This polymerization was allowed to 
proceed for 5 hours and then stirred overnight. A dispersion in toluene was also run 
with crosslinker present in the reaction mixture. This dispersion also formed a latex 
in approximately 15 minutes. The particles from these dispersions were cleaned in 
toluene three times using sonication and centrifuging. Samples were sent out for an 
SEM. The SEMs indicated that the dispersion containing crosslinker did not result in 
particles, although a latex had formed during the polymerization. Without 
crosslinker, very small particles, on the order of 0.3 pm, had formed. Adding 
crosslinker to the dispersion medium made the polymer more amorphous in 
appearance.
Based on the toluene results with very small particles, water was added to the 
dispersion medium to keep the particles in solution longer and increase the size. The
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amount of stabilizer was also decreased to 20% in attempt to form larger particles. 
The monomer concentration in the polymerization was also increased to increase the 
size of the particles, as well as the initiator concentration. None of these 
modifications resulted in larger particles. In fact, they were all amphorous polymers. 
Vinyl imidazole was not polymerized any further.
Conclusions
The dispersion polymerization of 4-vinyl pyridine in water was not a trivial task 
and is not suggested for any further study. Since uncrosslinked poly(4-vinyl 
pyridine) is water soluble, water is a poor choice for the solvent system. Although 
the monomer, initiator, crosslinker and stabilizer did dissolve in water, water is too 
good a solvent for the polymer. This is evident by the sizes of some of the beads 
produced and lack of success in making larger beads in water.
Many formulations coagulated in water, resulting in small clumps of beads. This 
could be partly due to the polarity of the monomer. It appears that using stabilizer in 
a dispersion of 4-vinyl pyridine in water can prevent the beads from coalescing. If 
not enough stabilizer is used, however, an amphorous product results. An increase in 
the amount of stabilizer resulted in some particle formation. An amount of stabilizer 
was reached that finally stabilized the beads enough to prevent coagulation. This 
amount of stabilizer, however, resulted in small beads. It also appears that there is a 
fine line in the amount of stabilizer used that results in small particles and a product 
that is under or over stabilized, i.e., an amorphous mess.
The reactivity of the 4-vinyl pyridine radical had an effect on the particle size and 
distribution. The 4-vinyl pyridine radical is quite reactive with itself and reacts
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quickly with other monomer radicals rather than crosslinker radicals. This can 
ultimately lead to no crosslinking of the particles. Since these dispersions were 
performed in water, the DVB oligomers were most likely partitioned into the VP 
particle nuclei to produce crosslinked particles. However, when the amount of 
monomer used in the dispersion polymerization is increased, an amphorous product 
resulted, most likely due to the monomer radical reactivity.
Particles from the dispersions produced in water were split into three portions and 
cleaned in three different solvents to gain insight on which would be the most 
appropriate. The particles were cleaned in water, methanol, or ethanol. Typically, 
particles are cleaned in the major solvent of the solvent system, in this case water. It 
was seen, however, that particles cleaned in water tended to coagulate after cleaning. 
The particles in ethanol and methanol did not, but also did not clean up very well. 
This is another factor that makes water a poor solvent system for the dispersion 
polymerization of vinyl pyridine; any resulting particles are hard to clean and 
resuspend.
The morphology of the beads produced in toluene was better than in water, but 
crosslinking the particles was problematic. This was due to the reactivity of the vinyl 
pyridine radical versus the reactivity of the crosslinker radical. Toluene was found to 
be a suitable solvent for the dispersion polymerization of crosslinked vinyl pyridine 
particles.
Without crosslinker in the formulation, altering the polarity of the solvent system 
can easily change the final particle size and distribution. As seen by the dispersion of 
vinyl pyridine in toluene with added DMF, it was possible to increase the produced
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bead size. However, when crosslinker was added to the dispersion, coagulation 
usually occurred.
It is now known that it is possible to incorporate crosslinker into a vinyl pyridine 
particle by adding the crosslinker after the nucleation of the monomer particles and 
performing a quasi-seeded emulsion polymerization. By waiting after the nucleation 
has occurred, it is possible to increase the final bead size and improve morphology 
because the seed particles have a chance to grow. It is possible to crosslink particles 
of vinyl pyridine, even with the large reactivity of the radical.
Particles produced from the dispersion polymerization in toluene were first 
resuspended in a large volume of toluene, i.e., about the total volume of the 
dispersion medium, and were kept stirring until they could be cleaned. The particles 
were cleaned three times in toluene and cleaned up very nicely. This means the 
particles resuspended easily in fresh toluene and could be collected easily by 
centrifuging for a short time. Coagulation of the product, as observed for particles 
cleaned in water, was not a problem.
The use of HYPAN is very promising for future optical fiber sensors. The major 
advantage of this hydrogel is the quick response time. The varying water contents in 
the hydrogel result in different refractive indices which result in different responses. 
By blending various HYPANs, it would be possible to blend a hydrogel of a specific 
refractive index. A refractive index of about 1.46 would be advantageous, because it 
would reduce the backreflection at the connector/polymer interface significantly.
This is because the refractive index of the optical fiber is approximately 1.46.
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The response of the cauliflower particles was interesting. At first, it was thought 
that they would not produce a change in response. However, this was definitely not 
the case. Out of all the particles tested in this work, these particles worked the best. 
This means that they were easy to resuspend in a hydrogel mixture and the change of 
response was always very quick and visible by eye. The transitions observed for the 
determination of the pKa o f the particles was always very sharp. This may be due to 
the appearance of the particles. It has been observed that VBC particles derivatized 
to provide pH functionality in poly HEMA have long response times. The 
derivatization has also been found to not be complete.64 With the “cauliflower” 
particles, there is no derivatization step needed.
The dispersion polymerization of the polar crosslinked monomer vinyl pyridine in 
toluene was possible and afforded particles that were suitable for optical testing, once 
the crosslinking issue was resolved. Toluene proved to be a good solvent for 
production of vinyl pyridine particles by dispersion polymerization. The produced 
particles had a good morphology and change in response when tested optically. The 
major advantage of these particles, however, is the lack of a derivatization step to 
provide functionality. The next chapter will examine the use of some of the above 
particles on the instrument for remote sensing.
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CHAPTER 6
Optical Fiber Sensor Development and Testing 
Introduction
Several methods have been developed for attaching a polymer layer to the distal 
end of an optical fiber in the literature. Dipcoating is an option, but is hard to do 
reproducibly. Some research groups have dipcoated or spin coated a thin layer of 
polymer onto a silanizated optical fiber.14*17 Other groups place the distal end of the 
optical fiber into a polymerization solution.18'19 Light is sent down the optical fiber to 
initiate a photo polymerization. The size of the polymer layer can be controlled by 
the illumination time. These methods were not available for the development of the 
optical fiber sensors described in this work. The length of fiber used for the sensor is 
on the order of hundreds of meters for remote sensing purposes. By using long 
lengths of fiber for the sensors, the reflected intensity peaks are resolved with time. 
UV light used to photoinitate the polymerization on the end of the fiber would be 
attenuated before reaching the end of the optical fiber. The long lengths of fiber used 
in this work also precludes the use of spin coating. This resulted in the experiments 
to develop a new way to attach a polymer layer onto the distal end of a long length of 
an optical fiber.
This chapter examines the various methods explored for attaching a polymer 
sensing layer to the distal end of an optical fiber to fabricate a sensor for remote 
applications. The first sensing layer that was attached to an optical fiber was a 
polymer membrane composed of aminated vinyl (benzyl chloride). A tip-to-tip
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method was also evaluated using poly (HEMA) with embedded aminated 
microspheres. Results are presented and discussed in this chapter for the first 
method, the “tip-to-tip” approach that was explored to produce a reproducible sensing 
layer.
Sensors were designed using pH functionalized polymer microspheres suspended 
in a hydrogel membrane using a 906 SMA connector and 906 mating sleeve on the 
distal end of the optical fiber. Polymers were placed in a well on top of the 
connector. The hydrogels HEMA, PVA and HYPAN were used to suspend pH 
sensitive particles as the sensing element. These connectors were then cycled through 
various pH buffers and the response was measured. This chapter presents some of 
those results, as well as some of the other methods that were tried, including chemical 
etching, to attach polymer membranes to an optical fiber to form a sensor.
Tip-to-Tip Approach
Background
This section discusses attempts to place a polymer layer onto the distal end of an 
optical fiber with a method named the “tip-to-tip” approach. This approach was the 
first tried for this work. The idea of the tip-to-tip method is shown in Figure 6-1. The 
general idea was that two fibers would be placed a known distance apart from each 
other. One fiber would be silanized with vinyl silane to provide an anchor for the 
produced polymer. The other fiber would be functionalized to provide a hydrophobic 
layer that would repel polymer. Polymer would be placed in between the two fibers 
and polymerization would be initiated. Once the polymerization was complete, the 
two tips would be separated and a polymer layer would be on the vinyl silane tip. It
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SCHEMATIC OF TIP TO TIP METHOD FOR FABRICATION 
OF OPTICAL FIBER SENSORS








FIGURE 6-11 Schematic of tip-to-tip method for the fabrication of optical
fiber sensors
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would be possible to control the size of the polymer layer reproducibly by controlling 
the distance between the two optical fibers. The space between the two fibers was 
relatively large, on the order of 100 pm, but not so large that the polymer drop would 
slip between the two fibers
Silanization of the Distal End of an Optical Fiber Results
The bare polished end of an optical fiber was silanized with methoxyvinyl silanes 
as discussed in Chapter 3. This reaction is shown in Figure 6-2. The process 
provides vinyl groups on the surface of the fiber that are used to bond a polymer layer 
to the optical fiber. Optical fiber that was subjected to the silanization process was 
viewed before and after the process with a light microscope. After boiling the optical 
fiber tips in a silane/toluene solution for six hours, the appearance of the optical fibers 
changed from a clear glass to a cloudy one. The shape of the end of the optical fiber 
did not change, i.e., it remained flat. Optical fibers were also silanized with the TMS- 
C1 silane solution. These fibers also had a whitish appearance after the silanization 
treatment and maintained their flat polish. Due to the fact the research group has 
previously successfully silanized glass, it was assumed that the surface was silanized.
Tip-to-Tip Approach Results 
XYZ Translator and Placement of the Optical Fibers
An XYZ translator was available in the lab and refitted with a plastic holder 
(Machine Shop -  Kingsbury Hall, University of New Hampshire) to hold the optical 
fiber that was to be used to aid in the placement o f the polymer drop. This translator 
was used to hold two optical fibers in place. Optical fibers were aligned directly 
across from each other first by eye and then with a light microscope.
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SCHEMATIC OF SILANIZATION REACTION OF OPTICAL FIBER
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FIGURE 6-2: Silanization reaction to provide vinyl group anchors
for a polymer layer
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Optical fibers were silanized before use according to the procedure in Chapter 3.
Once silanized, they were placed in the translator and polymerization was attempted. 
The optical fiber to be used as a  sensor was silanized to anchor the polymer, while the 
other optical fiber was derivatized to repel the polymer.
Placement of the Polymer Drop
The XYZ translator was placed under the light microscope and the tips were 
positioned directly across from each other. The distance between the two fibers was 
measured using the graduations in the eyepiece of the microscope. The original 
intention was to polymerize a layer on the order of 5 pm thick; the first attempts were 
on the order o f 100 pm. Once the fibers had been lined up, a polymer drop was 
placed in between the two optical fibers and the polymerization was attempted. The 
polymer drop was put in place by using a capillary tube that had a small amount of 
polymer on the end. A schematic of this process is shown in Figure 6-3. In applying 
the polymer drop, it was observed that if too little solution was used, surface tension 
would pull the drop into the shape seen in Figure 6-3. For the sensor attempts, 
usually an excess of polymer was used. This resulted in a shape also seen in Figure 
6-3.
Polymerization of the Polymer Drop
Once the drop had been positioned in between the two optical fibers, it was ready 
to be polymerized. Originally, the entire XYZ translator with the optical fibers was 
placed under a Hg lamp to photoinitate the polymerization. It was observed, 
however, that moving the translator usually resulted in the loss the of the polymer 
drop between the two fibers. It was also thought that the drop may be evaporating
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SCHEMATIC OF TIP TO TIP APPROACH WITH POLYMER TIROP
alignment of optical fibers in XYZ translator
positioning optical fibers closer to one another
placement of polymer drop between 
two fiber - excess polymer solution
placement of polymer drop between 
two fiber - too little polymer solution
FIGURE 6-3: Schematic of tip to tip approach with application of the
polymer drop
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before the polymerization took place or that the drop had shrunk. The polymerization 
v/as therefore monitored with time. The tips were examined during the 
polymerization every two minutes. It was observed that within 10 minutes the drop 
was no longer visible. When the two fibers were pushed together, a tacky layer was 
observed on the vinyl silane fiber. Although the drop could be seen under the 
microscope before the polymerization, the layer that formed could not. Due to this 
result, it was decided to place a fluorophore into the polymerization solution. The 
motivation was that the distal end of the optical fiber would be illuminated with UV 
light to produce fluorescence that would indicate the position of the polymer layer. 
The uniformity and the thickness o f the layer could also be observed.
The characteristics needed for the fluorophore were: colored, photostable and 
soluble in organic solvents. A concentration of approximately 10'5 M fluorophore 
was desired in the polymer solution. Perlyene was chosen and a solution was 
prepared in toluene. A portion of this solution was then added to the polymerization 
mixture to give a final concentration on the order of 10'5 M.
Photopolvmerization with a Mechanically Stable Light Source
Due the instability of the polymer drop, a new way of photopolymerizing the 
polymer was then tried in which the XYZ translator would not have to be moved.
This new method employed a xenon light source that was fitted for a SMA fiber optic 
connector. A piece of optical fiber approximately 10 inches long was flat polished on 
both ends. One end was connectorized with a 905 SMA connector and the other end 
was silanized with TMS-C1. The connectorized fiber was attached to the SMA 
coupler on the light source and the source was turned on. The approach seemed a
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good way to do the polymerization. The xenon source and the microscope were 
placed next to each other to avoid having to move the translator for the 
photopolymerization. Also, since light is directed through the holder fiber, it was 
thought that only polymer in the path of the light would be polymerized. Then, it 
would not matter if there was excess polymer on top o f the fibers, because it would 
not be in the path of the light and theoretically would not be polymerized. A 
schematic of this process is shown in Figure 6-4. Although it was thought that this 
method would work, it did not. Polymer layers formed were extremely malformed, if 
they formed at all. Sometimes, the polymer would adhere to the fiber that was 
derivatized to repel it.
It should also be said that the application of the polymer drop in between the two 
optical fibers was an awkward task and not trivial. It was seen often that the drop 
would slip through and not adhere to the optical fibers at all. Sometimes the drop 
would adhere, but then misalign the fibers once the capillary was pulled away.
Placing the drop in between the fibers was attempted many times but few were 
successful.
Since the polymer drop deformed due to surface tension between the two optical 
fibers, a set up with one large fiber and one small fiber was tried. This idea is shown 
in Figure 6-5. For the larger optical fiber, a tip was used with the buffer left intact. 
This resulted in a larger diameter holder fiber. The same 100/140 pm optical fiber 
was used for the sensor fiber. Many attempts were tried to polymerize a layer onto on 
optical fiber but were still mostly unsuccessful. This was due to previously 
mentioned problems: the drop was hard to put in place, it moved easily and when a
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Schematic of Tip to Tip Approach Using Connectorized Fiber and
Xenon Light Source
connectorized optical fiber 
holder - for holding polymer 
drop in place and waveguide 
for xenon light source optical fiber
for sensor




up close view of optical fibers in translator
optical fiber
light from xenon source
polymer drop 
darkened area is polymerized
FIGURE 6-4: Schematic of tip-to-tip approach using the xenon light source
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SCHEMATIC OF A LARGE FIBER WITH A SMALL FIBER FOR 






FIGURE 6-5: Schematic of a larger optical fiber with a smaller optical fiber
for placement of a polymer drop
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layer formed, it was very amphorous in appearance.
Derivatization of the Formed Polymer Laver
Polymer layers were formed, eventually, by the tip-to-tip method on the end of 
optical fibers. When the monomer was VBC, the polymer layer had to be derivatized, 
as discussed in Chapter 3, to provide pH functionality. Placing the optical fibers in a 
diethanolamine solution for approximately two days derivatized polymer layers on 
the optical fibers. Upon viewing these optical fibers under a microscope after 
derivatization, it was noticed that the optical fiber had significantly curled. The 
whole length of the fiber that was exposed to the solution had a cloudy appearance. 
This is due to the buffer’s reacting with the derivatizing solution. It did appear that 
the polymer layer had stayed intact during this process. When the optical fibers were 
left in the derivatizing solution for longer than two days, however, the polymer layer 
on the end of the fiber appeared damaged under the microscope and was very cloudy 
in appearance.
Polymerization of HEMA
HEMA was polymerized between the two optical fibers when the focus of the 
research group changed from membranes made of sensing material, to swellable 
particles embedded in a polymer membrane. A holder fiber was fitted with a 906 
SMA connector for use on the xenon source. The other end of the fiber was silanized 
as explained in Chapter 3 to repel any formed polymer. Fibers were silanized with 
the HEMA silane agent and placed in the translator. A drop of the polymerization 
solution that was used to make HEMA membranes was placed in between the two 
optical fibers. The first attempts at polymerization failed; although a drop was
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present, a polymer failed to form within fifteen minutes. The polymerization time 
was raised to 45 minutes, and eventually, a polymer layer formed. It was observed 
that sometimes, a polymer layer would form on the optical fiber that was silanized to 
repel the polymer. It was thought that the TMS-C1 might have degraded to TMS-OH, 
which would affect the ability of the silane to repel the polymer. To decrease the 
polymerization time, the polymerization was performed under nitrogen. It was 
thought that the oxygen in the air was inhibiting radical formation and decreasing 
initiation, resulting in a long polymerization time. The XYZ translator was rigged to 
the microscope with electrical tape. The xenon source was connected to the distal 
end of the holder fiber in the translator. This whole assembly was under a box and N2 
was continuously blown through the box, directed at the site of the polymerization. 
The rate of flow had to be steady, but slow because fast rates of flow dislodged the 
polymer drop. With the use of nitrogen, however, it was observed that 
polymerization was complete in approximately 20 minutes.
Poly VBC particles derivatized with diethanolamine prepared from a seeded 
emulsion polymerization by Miele64 were suspended in a HEMA hydrogel and placed 
on the distal end of 300 meters of graded index optical fiber using the tip-to-tip 
method. A polymer layer, although misshapen, was formed. This fiber was hooked 
up into the instrument to see if a change in signal would occur in solutions of varying 
pH. No change was seen, but in hindsight, the sensor should have probably been 
soaked in water overnight before the experiment, which it was not.
The tip-to-tip method was then abandoned. The goal of the method was to be able 
to produce reproducible layers. The layers formed were misshapen and similar to a
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layer formed by dipcoating. Much work is required for the tip-to-tip method, and 
since the result is as good as dipcoating, it would be easier and quicker just to dipcoat 
the optical fiber. Other ideas for attaching a polymer-sensing layer onto an optical 
fiber were then explored.
Optical Fiber Etching 
Background
A new method was explored to make optical fiber sensors. The idea of this 
method was to etch a microsized well into the distal end of an optical fiber using 
hydrofluoric acid. This well could then be used to place polymer in to form a sensor. 
It had been reported in the literature that it is possible to etch conical shaped wells
Q
into the distal end of an optical fiber. Graded index optical fiber was used in the 
experiments and was etched with solutions of HF. Optical and scanning microscopy 
were used to monitor the etching of the fibers. The rate of etching with time was 
determined. It was decided to try to etch step index optical fibers with HF to form 
cylindrical wells. A cylindrical well design would be advantageous for the sensor 
design discussed in this work. A conical shaped well compared to a cylindrical well 
would increase peak broadening. This section will discuss the etching of step index 
optical fiber for use as a substrate for an optical fiber senor.
Preliminary Etching Results
Graded index fiber in the lab was used in the first etching experiments. Flat 
polished graded index fiber was mounted in a protective holder and placed on top o f a 
small drop o f HF. If the tip was immersed in the acid, etching occurred not only in 
the core of the glass, but the cladding as well. It was determined that the optical fiber
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had to be placed very carefully on the top of the drop to insure that only the end of the 
fiber was in contact with the acid. Even if the optical fiber was slightly in the surface 
of the HF drop, surface tension would pull the liquid up the sides of the optical fiber. 
The optical fiber was mounted on a clamp on a ring stand and the HF solution was 
brought in contact with the optical fiber by raising the solution on a lab jack.
This first etching experiment entailed placing the available graded optical fiber in 
the HF solution and viewing the progress of the etch after 1,2,3, 5, 7 and 10 minutes. 
After each specific time interval, the optical fiber was removed from the solution, 
rinsed with water and viewed under a light microscope. It was observed that after 7 
minutes in the etch solution, a conical well had formed in the graded index optical 
fiber.
Step index fiber, as previously discussed, should result in a conical shaped well 
when etched with HF. Various vendors were consulted in the search for step index 
fiber. For applications, like the one described in this work (under 1 km), step index 
fiber should suffice. However, it is being phased out by some companies, because the 
graded index fiber has lower attenuation. Samples of step index fiber were received 
from 3-M Specialty Optics.
Step Index Fiber Samples
Sample FT-200-EMT from 3-M was a multimode, silica fiber with a TECS 
coating for the cladding. TECS is a trademark fluoropolymer used by 3-M for use as 
the cladding material and to provide mechanical strength. The TECS layer protects 
the fiber during buffer stripping and can be removed with acetone for custom
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applications. This fiber had a low OH* content for Vis-NIR transmission. The 
refractive index profile of this optical fiber can be seen in Figure 6-6.
Another TECS coated step index fiber tried was model no. FG-200-LCR, which 
had a TECS coating over a silica clad, as seen in Figure 6-6. The size of this optical 
fiber was 200/240 pm.
Another step index sample that was received from 3-M was Model. No. FG-200- 
UAT. This was also a silica/silica multimode fiber that had a larger cladding than the 
others and a lower attenuation. It also had a much different refractive index profile, 
as seen in Figure 6-7.
The last optical fiber sample from 3-M that was used was Model No. FG-050- 
GLA. This was also a step index fiber with an interesting refractive index profile, 
that is shown in Figure 6-7. This optical fiber was a high NA, silica/silica fiber with 
a Ge doped core. It had a smaller core diameter (50 pm) than the other fibers. 
Etching Results
The TECS clad fibers were systematically etched with HF and buffered HF 
solutions. When the solution was buffered in the proportion of 1:1:5 (acid, water, 
salt), the cladding of the optical fiber etched before the core. It is not understood why 
the cladding of this fiber, a fluoropolymer would etch at all, much less before the 
core. But, this was the result observed. When the etching solution was changed to 
50% HF, the clad still etched before the core.
The other sample of TECS coated fiber was mounted in holders and 
systematically etched for 1, 2 ,3 ,5 ,7 , and 10 minutes total. After the etch, the fibers 
were rinsed with water, air dried, and then an SEM was taken of the distal end of the
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REFRACTIVE INDEX PROFILES OF STEP INDEX OPTICAL FIBER
















Refractive index profiles of step index fiber using in chemical 
etching experiments
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MORE REFRACTIVE INDEX PROFILES OF STEP INDEX OPTICAL


















FIGURE 6-7: More refractive index profiles of step index fiber using 
in chemical etching experiments
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optical fiber. From the SEMs, it could be seen that a well had etched but due to the 
angle at which this set o f SEMs were shot, it was hard to measure the etching. A new 
set of fibers were prepared and etched for the same time interval but observed at a 
different angle. From these SEMs, an etch rate of 10.5± 0.8 nm/s was determined by 
measuring the depth of the well in the fiber on the SEM and dividing this value by the 
etching time. Some SEM photos of the TECS fibers at different etching times are 
shown in Figure 6-8.
Another sample of step index fiber that was etched was the FG-200-UAT 
silica/silica fiber with a Ge doped core. With this fiber it was seen that the cladding 
etched selectively up to 15 minutes in 50% HF. After 15 minutes, the inner and outer 
core material started to etch as well. The etch rate for the dissolution of the cladding 
was determined to be 54±7 nm/s.
The last 3-M sample tested was the most promising. This was the FG-050- 
GLA step index silica/silica Ge doped fiber that was smaller in size. This fiber had a 
size of 50/125. A well was etched into this fiber very quickly, in approximately three 
minutes. The smaller size of the fiber contributed to the faster rate. The rate of 
132±7 nm/s was determined from SEM photos. This is indeed much faster than the 
other two samples. Examples of the SEMs can be found in Figure 6-9. This fiber had 
a quick etch rate and gave a nice well, but the small size of the fiber was somewhat 
awkward to work with.
Due to the above results, it was decided to purchase the 200/230pm TECS coated 
fiber. This fiber was mechanically strong and relatively easy to polish 
unconnectorized fiber by hand. A spool with 1,120 meters was purchased from
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SEM MICROGRAPHS OF TECS STEP INDEX OPTICAL
FIBER DURING VARIOUS ETCH TIMES
16 minutes 10 minutes
20 minutes
FIGURE 6-8: SEM Micrographs of TECS step index optical fiber 
during various etch times
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SEM MICROGRAPHS OF GLA STEP INDEX OPTICAL
FIBER AFTER VARIOUS MINUTES IN ETCH SOLUTION
3 minutes1 m inute
5 minutes
FIGURE 6-9: SEM Micrographs of GLA step index optical fiber 
after varying minutes in etch solution
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which 300 meters was spooled, 20 meters was used for etching experiments, and 800 
meters remained on the spool. The fiber was connectorized with 906 SMA 
connectors for use in the instrument, as discussed in Chapter 4.
It was not determined, however, if  etching an angled optical fiber would work. It 
was thought that the etch profile in an angled fiber might be not reproducible. It the 
fiber was placed flush to the solution, however, it may be possible to etch a well in an 
angled fiber as well.
Direct Polymerization on Connectors or Fiber
Hydrogels were directly applied to metal optical fiber connectors. A drop of 
prepolymerized HEMA was placed on a connector and further polymerized. The 
HEMA was prepolymerized to prevent the drop from dripping down the ferrule of the 
connector. A polymer layer formed on the connector. The layer, however, was not 
mechanically stable and fell off within two days. HEMA, on the other hand, was 
found to stick well to a bare optical fiber. HEMA was polymerized onto small pieces 
of optical fiber. A drop of HEMA was placed on the end of a stripped optical fiber by 
dipcoating the fiber into a capillary tube with HEMA. To aid in the visualization of 
the HEMA on the fiber, 2 drops of methyl red indicator solution was added to the 
HEMA solution before polymerization. This solution was prepolymerized before use. 
Some of the polymerized fibers were left in water for three months; others were left 
in air for three months. It was observed that the layers were stable for the entire three 
months, and probably would have lasted longer. It was also seen, however, that the 
methyl red indicator had leached out o f the HEMA layer within 3 days. The HEMA 
layer could still be observed, however.
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Test pieces of optical fiber were also polymerized with a poly(HEMA) solution 
including 30% (w/w) pH sensitive microparticles. The purpose of this experiment 
was to see if a high concentration of beads in a poly(HEMA) hydrogel would 
delaminate off the surface of the optical fiber. The tips were polymerized with the 
30% (w/w) beads in poly(HEMA) solution and placed in pH 4 buffer. The polymer 
layers also stayed intact for 3 months.
From these results, it was observed that poly(HEMA) sticks very well to glass. 
These experiments were preliminary however, because the methods used to attach the 
poly(HEMA) to the glass are not very reproducible. Although poly(HEMA) adheres 




Particles produced in the research group were as sensors in the cup design 
described in Chapter 3. Sensors were made using PVA, HEMA and HYP AN 
hydrogels and tested in buffers of various pH.
PVA sensors were tried first because the water content of PVA is quite high, 
which allows for a fast response time. PVA sensors are not very robust, however, and 
only useful for approximately two weeks. After that time, the connector itself starts 
to rust because the PVA must be kept in water at all times. The rusty connector 
affects the quality of observed signal.
Poly(HEMA) sensors were also evaluated. It was seen that the response time with 
poly(HEMA) was very long, on the order of several minutes. If  the sensors were not
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hydrated in water overnight, the sensors did not work properly. The polymerization 
times for poIy(HEMA) sensors were also quite long. The response time of sensors 
prepared from the same particle solution in poly(HEMA) would increase with time.
It was thought that as the solution sat, HEMA diffused into the particles and was 
polymerized. This led to longer response times. This problem could be resolved by 
crosslinking a hydrogel, opposed to polymerizing a monomer to produce a hydrogel. 
HEMA was investigated, however, at the time, as the primary hydrogel in the group. 
From a response time standpoint, it is not usable even though it adheres well to glass.
HYP AN proved to be a good hydrogel for working with the cup sensors. After 
the HYP AN and bead solution was placed in the cup, only water was needed to 
initiate membrane formation. This occurred on the order of seconds. HYP AN 
sensors, however, also needed constant hydration.
PVA Sensor Result 
Vinyl (benzylchloride) particles prepared from a seeded emulsion polymerization 
by Eric Miele64 were used in a PVA membrane and tested. The sensor contained 
2.5% (w/w) aminated VBC particles and was placed on a flat connector on 500 
meters of optical fiber. The sensor was cycled in pH 4 and pH 10. The results are 
shown in Figure 6-10. The overall change in response for the particles was 
approximately 20 mV, from 0.1478 V to 0.1668 V. This is relatively low and is due 
to the sensor being constructed on a flat connector. From the absorbance spectra 
taken of the particles, the turbidity of the membranes was estimated by using the 
membrane thickness and absorbance. Based on the results in Chapter 4 in which 
turbidity versus response was depicted, the expected change in response at a flat
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INSTRUMENTAL RESPONSE AT CURSOR 9 FOR 2.5% (W/W) 
AMINATED VBC PARTICLES IN PVA ON 500 METERS OF FIBER
Response (V) vs. Time (in runs)











Run Number (1 run = 7.2 sec)
FIGURE 6-10: Instrumental Response at Cursor 9 for 2.5% (w/w) of 
aminated VBC particles in PVA on 500 meters of fiber
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connector due to the change in turbidity was 18 mV, fairly close to the observed. The 
refractive index of the PVA membrane is 1.3464 and the refractive index o f the optical 
fiber is 1.46. The reflectance at the polymer/glass interface was calculated to be 
0.18% and adds background to the signal.
The change in response was measured and detected over a large background due 
to the fact that the membrane was on a flat connector. The calculated reflectance of 
the unswollen form of the particles in a PVA membrane was approximately 7 times 
greater than reflectance of the swollen form of the particle in a PVA membrane. 
However, the measured response of the particles in base on the instrument was only 
about 1 times greater than the particles in acid. The response time was about 10 
minutes for shrinking and 1 minute for swelling. Although these were seeded 
particles and PVA has a large water content, the response time is still long. This was 
a common result using aminated VBC particles.
HYP AN Sensor Results
Sensors were prepared from HYP AN hydrogels with suspended particles using 
the cup method for use with the instrument. Particles described in Chapter 5 were 
used for testing. These particles were prepared from the monomer 4-vinyl pyridine 
and were pH sensitive. The change in turbidity (cm'1) of the membranes with pH was 
monitored remotely using the instrumentation for remote sensing. Using the 
information in Chapter 4 of the measured response versus the turbidity (cm'1) of the 
milk solutions and measuring the absorbance of the membranes, it is possible to 
estimate the expected change in response on the instrument.
216
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Testing of Formulation No. 2 Particles on the Instrument in HYP AN
The 4-vinyl pyridine particles produced in toluene using formulation number 2 in 
Chapter 5 were tested by monitoring the change in response to pH on the instrument 
for remote sensing. Sensors were prepared as previously discussed using the cup 
design. The polymerization solution that was used to prepare the membrane for the 
determination of the pKa spectrophotometrically was used to make the sensor. A 
drop of this solution was polymerized on a connector and tested on the instrument. 
Sensors were prepared on the distal ends of the 300 and the 500 meters of graded 
index fiber and were monitored at 834 run. A flat connector and an 8 degree angled 
connector were used for the experiment. A sensor consisting of 1.0% (w/w) beads in 
HYP AN (80) was tested on the instrument to determine the pKa of the particles. The 
results are shown in Figure 6-11.
The results seen with the angled connector were more stable than the results 
obtained with the flat connector. The background of the signal is also lower with the 
angled connector (0.0429 V) compared to that of the flat connector (0.0875 V). The 
background of the flat connector is relatively low compared to the background of the 
signal of a flat connector in air. This is due to the fact that air has a refractive index 
of 1.00 and the refractive index of HYP AN (80) is 1.36. For normal incidence 
according to Fresnel’s equation, the reflection from the polymer/fiber interface should 
decrease from 18% to 0.12% when the polymer was placed on the end o f the 
connector. The response did decrease with the addition of the polymer, but by 55%. 
Once the pKa had been passed, the voltage remained fairly constant. Based on the 
measured absorbance of 1.0% (w/w) particles in HYP AN (80) and the instrument
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INSTRUMENTAL RESPONSE VS. p H  -1 .0  % fW/Wl 
BEADS (FORMULATION NO. 2) IN HYP AN (801 - FLAT 
CONNECTOR ON 300 METERS OF GRADED INDEX 
OPTICAL FIBER -  ANGLED CONNECTOR ON 500 
METERS OF FIBER-AT 834 nm
Response (V) vs. pH 
-1.0% (w/w) beads (formulation no. 2) in 
HYP AN (80) - 8 degree angled connector on 










Response (V) vs. pH 
-1.0% (v/v) beads (F2) in HYP AN (80)- flat connector 












FIGURE 6-11: Instrumental Response vs. pH -1 .0  % (w/w) 
beads (formulation no. 2) in HYP AN (80)- flat connector on 
300 meters of graded index fiber- angled connector on 500 
meters of fiber -  834 nm
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response versus turbidity data, the expected change in response at the angled 
connector on the instrument would be on the order of 15 mV. A change of 12 mV 
was observed experimentally on the instrument. For the flat connector, the expected 
change was determined to be approximately 4 mV, and a change of 6 mV was 
observed. The measured response is larger due to the contribution to the signal from 
the reflection at the polymer membrane/glass interface. The measurements at the flat 
and angled connectors on long lengths of fiber indicate a pKa of approximately 4.6 for 
the particles.
Sensors were also prepared with 0.5% (w/w) particles in HYP AN (80). HYP AN 
(80) was chosen for use in the sensors due to the fast response times observed with 
this hydrogel. Although the background of the signal will increase with the use of 
HYP AN (80) compared to HYP AN (68, 50) due to the relatively larger difference in 
refractive indices of HYP AN 80 with the optical fiber, the quick response time 
offsets this disadvantage. The response was monitored at various pHs using a flat 
connector on the 300 meter arm and an angled connector (8 degree) on the 500 meter 
arm. The results are shown in Figure 6-12. The response with only 0.5% (w/w) 
beads was not as stable as the response with 1.0% (w/w) particles. The overall 
change in response was greater with the angled connector (14.34 mV) compared to 
the flat connector (6.72 mV) with lower background. According to the change in 
turbidity for the membranes, the change in response should be only approximately 3 
mV for the angled connector and only 0.7 mV for the flat connector, much lower than 
the observed response on the instrument. It is not understood why the observed 
change in response was much greater than the expected in this case.
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DETERMINATION OF THE dK. OF F2 PARTICLES- 0.5% fvM IN 
HYPAN 80 AT 834 nm USING GRADED INDEX OPTICAL FIBER IN
THE INSTRUMENT
Determination of pK, of F2 beads 
- 0.5% (v/v) beads in HYPAN (80)












Determination of pKa of F2 beads 
- 0.5% (v/v) beads in HYPAN (80)







FIGURE 6-12: Determination of the pKa of F2 particles- 0.5% (v/v) in 
HYPAN 80 at 834 nm using graded index optical fiber in the instrument
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Testing at 1310 nm
The particles were also tested at 1310 nm. Sensors with varying percentages of 
particles suspended in HYPAN were cycled at different pHs. Approximately 0.5% 
(w/w) beads for formulation no. 2 in toluene were tested in HYPAN (50). It was 
observed that the particles had a longer response time compared to particles tested 
with HYPAN (80) There was a change of 18.23 mV in response seen between pH 4 
and pH 10, as shown in Figure 6-13. The change was much greater than the expected 
change of only 3 mV based on the measurement of the turbidity (cm'1) of milk 
solutions with the instrument at 1310 nm.
Approximately 2.5% (w/w) beads in HYPAN (50) was then used for sensing 
material on the instrument. These results are shown in Figure 6-14. The change in 
response should increase with an increasing percentage of particles. In this case, 
however, the change decreased to 10 mV. There is a sharp, quick change in response 
between pH 4 and pH 10 for these particles. Again, HYPAN was observed to exhibit 
a very fast response time.
Testing of Vinvl Pyridine Particles Produced in Toluene (Formulation No. 17)
The HYPAN (80) -  bead solution containing particles produced from formulation 
no. 17 were used on the instrument at 834 nm as sensors and tested to see if  there was 
noticeable change in response to pH. Sensors were again fabricated on the distal ends 
of the optical fiber. An angled sensor was made on the 500-meter arm and a flat 
sensor was made on the 300-meter arm. The flat sensor failed to give a change in 
response. The angled sensor did show a change in response, which is shown in 
Figure 6-15. There was a slight change in response to pH for this sensor, on the order
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SENSOR RESPONSE (0.5% (WfW)  PARTICLES IN HYPAN 50) IN pH 4 
AND pH 10 -  ANGLED CONNECTOR ON 500 METERS OF GRADED
INDEX OPTICAL FIBER
Cursor Response (V) vs. Time (in runs)
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Time in runs (1 run = 7.3 sec)
FIGURE 6-13: Sensor response (0.5% (w/w) particles in HYPAN 50) at pH 4 
and pH 10 — Angled Connector on 500 meters of Graded Index Fiber
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SENSOR RESONSE OF 2.5% (w/wl BEADS IN HYPAN (50) -  ON 
ANGLED CONNECTOR AT 500 METERS
Instrumental Response (V) vs. Time in runs 
(1 run = 7.2 sec) -1310 nm 
- angled connector on 500 meters
-0.105
- 0 . 1 1  -








Time in runs (1 run = 7.2 sec)
FIGURE 6-14: Sensor response of 2.5% (w/w) beads in HYPAN (50) -
angled connector at 500 meters
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CHANGE IN RESPONSE FOR AN ANGLED SENSOR ON 500 METERS OF
FIBERS - 0.5 % (W/Wl BEADS (FORMULATION NO. 17)
in HYPAN (801 AT 1310 nm
Instrumental Response (V) vs. Time in runs 
- 0.5% (w/w) beads (formulation no. 17) 
in HYPAN (80) - angled connector at 500 meters 
- graded index fiber - 1310 nm
0.045 li i i ni i ii n i i i i i i ni i i t rni i*ii i’i irrm  ii i i u i mi in i i n ii in n u i i iiri'i'HTi rrnrn
— r-*
Time in runs (1 run = 7.3 sec)
FIGURE 6-15: Change in response for an angled sensor on 500 meters of fiber -
0.5 % (w/w) beads (formulation no. 17) in HYPAN (80)
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of 1.25 mV, compared to an expected response of 0.3 mV. The response of the 
sensor was not very reproducible. What was interesting about this sensor, however, 
was the quick response time it exhibited. The change in response was within the time 
it took to change the buffer in the sample cell.
The pKa of the particles was determined using the instrument. This is shown in 
Figure 6-16. The overall change in response is again not very large, but the pKa was 
determined to be approximately 4.6. The response was not as stable as others seen, 
but there was a relatively sharp change in response between pH 4 and 5. This 
response was not checked for reproducibility.
Conclusions
The goal of this chapter was to examine possible methods to attach polymers 
synthesized in the research group onto the distal end of an optical fiber. Completion 
of this goal was not very successful. A way to attach the polymer membranes still 
needs to be developed.
The tip-to-tip method was somewhat successful. But, the method was 
cumbersome and not very reproducible. The polymer layers were no better than 
layers formed by dipcoating. Because it takes longer to do the tip-to-tip method 
compared to dipcoating, it was abandoned.
The derivatization o f a poly VBC layer on a fiber resulted in fiber that became 
unusable. The appearance of the polymer layer changed after derivatization. If 
particles are to be used on optical fiber, they should be functionalized prior to 
placement on the optical fiber. Better yet would be to use particles with inherent pH 
functionality, as discussed in Chapter 5, to eliminate the derivatization step.
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DETERMINATION OF THE pK. OFPARTICLES (FORMULATION
NO. 171 USING INSTRUMENTATION FOR REMOTE SENSING
-0.5%  (W/W) BEADS IN HYPAN (80) ON 
ANGLED SENSOR AT 500 METERS
Instrumental Response (V) vs. pH 
- 0.5% (v/v) beads (FI7) in HYPAN 80 










0.043 In as oo 00 o
pH
FIGURE 6-16: Determination of the pK„of particles (formulation no. 17) 
using instrumentation for remote sensing -  0.5% (w/w) beads in HYPAN (80)
on angled sensor at 500 meters
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From the etching results, it was observed it is possible to etch a non-conical, 
mainly cylindrical well into the distal end o f the step index optical fiber. The etch 
rate can also be determined by systematically etching various samples of fiber. 
Although buffered solutions were tried, none were successful in producing a well.
For selectively etching the cladding of the fibers tested, 50% HF alone will 
suffice. The well formed could provide an area for the placement of polymer 
particles. The end of the fiber could be sealed with a hydrogel. This method was not 
explored using polymer on the end and testing with the instrument, but it is still 
possible. A major limitation with the use of cylindrical wells, however, is the step 
index fiber that is needed to produce them. Step index fiber attenuates the reflected 
signals significantly in the instrument. Another limitation to using the wells is how to 
get the polymer in the wells and keep it there. This would need to be explored in the 
future.
The cup sensors designed by Civiello62 were sufficient for the testing of 
particles. The limiting factor of the sensors was the SMA connector on which it was 
placed. These rusted within two weeks, although they were claimed to be stainless 
steel. Once the rusting had occurred, the signals started to suffer. Otherwise, 
polymers could be placed in the well and tested over the two weeks. If a polymer was 
unsuccessful, the sensor was very carefully pulled apart and used with new polymer. 
The cup sensors are a convenient although temporary way to test particles.
In the testing of various particles in different hydrogels, HYP AN and particles 
with inherent functionality provided good results. HYP AN was easy to work with 
and had very quick response times. It did however, need to be hydrated at all times.
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Poly(HEMA) sensors had extremely long response times. Derivatized VBC particles 
in PVA also had a slow response time. Several sensors tested in poly(HEMA) not 
discussed in this chapter were very unstable with unreproducible results. PVA, 
although high in water content, does not have the refractive index advantage that 
HYP AN does. HYP AN can be blended to form a hydrogel with a specific refractive 
index to maximize the reflected signal.
Cup sensors were used to determine the pKa of several particles. The pKaS 
determined with the instrument were in agreement with pK^s determined by 
spectroscopy. This was inspiring because the measurement was taken at 500 meters. 
A major limitation of this sensor, however, is the fact that is only operational between 
pH 4 and pH 5. Cup sensors may be used with angled or flat fibers, although the 
responses observed from angled connectors are better. They are more stable and 
reproducible. The sensors prepared on angled connectors used at 834 nm, however, 
had larger S/N ratios than at 1310 nm. The signal to noise ratio of the spectroscopic 
measurements, was lower than those observed with the instrument. If a fully 
functioning optical fiber sensor on the instrumentation for remote sensing is to be 
realized, a method for attaching the polymer sensing layer still needs to be addressed. 
A possible method that could be explored is putting the polymer layer on a short 
piece of fiber and fusion splicing it to the longer length of fiber.
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CHAPTER 7
CONCLUSIONS AND FUTURE WORK
This work has demonstrated the feasibility of reflectance measurements based on 
polymer swelling. The modification of the connectors used in the instrument resulted 
in the improvement of the sensor response. Although the background of the signal 
was decreased at 1310 nm, the signal to noise ratio was lower and the relative 
standard deviations associated with the peak intensities were higher compared to the 
signal at 834 nm. Sensors prepared on angled connectors tested at 834 nm had the 
largest signal to noise ratios observed in this work. Sensors were cycled and tested 
with this arrangement successfully. The instrument has also been used successfully 
to determine the pKa of particles at distances up to 500 meters at 834 and 1310 nm.
The Lab View panel should be updated. The sampling rate is relatively slow and 
was designed in 1995. Other devices on the market today can sample at higher rates 
and have higher bandwidths. The use of a new device would allow the use a 
reference sensor in the determination of the waveform. Keithly Instruments has 
several devices that should be considered to upgrade the instrument.
When available, a higher power 1310 nm laser diode should also be evaluated. 
This would increase the magnitude of the reflection from the polymer sensing layer.
A higher power laser would also allow the use of a new coupler to provide for more 
sensors. For example, 2 1x2 couplers could be used on the outputs of the 2x2 
coupler. Or, a 2x4 coupler could be used to incorporate additional sensors into the 
instrument. The main requirements would be appropriate split ratios, low loss in the
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couplers, good connectivity between the couplers, long enough lengths of fiber to 
resolve the reflected peaks with time and a faster diode.
The use of angled connectors significantly reduced the background in the signals 
obtained by the instrument. The angled sensors showed little change in response to 
solutions of varying refractive indices, indicating the reduction in back reflection. 
The magnitude of the change in response was also higher with an angled connector. 
The most promising result was the change in response of the angled connector to the 
solutions of whole milk to model turbid membranes. It was consistently observed 
that the response at the angled connector was about three times greater than the 
response seen at a flat connector.
It should also be noted that the response of the angled and flat connectors was 
also observed with bare flat and angled fibers. The connectors provide a convenient 
platform on which sensing membranes can be placed. When a method for attaching 
the polymer-sensing layer on the fiber is developed, it should be used with an angled 
bare fiber.
Step index fiber was tested in the instrument when it was determined that 
cylindrical wells could be etched in the distal end of a step index fiber. These wells 
could be used for placement of the hydrogel with suspended particles. However, the 
instrumental response with the step index fiber was not very good. The signals were 
attenuated and the standard deviations were relatively large for the observed 
waveforms. The use of wells in step index fiber should be used only as a last resort 
for the development of the sensor.
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The vinyl pyridine particles that were prepared in toluene worked very well for 
use in an optical fiber sensor. A major limitation with these particles, however, is the 
usable pH range is only from pH 4 to pH 5. The change in response to acid and base 
was relatively large and quick. The biggest advantage of these particles was the lack 
of derivatization step to provide pH functionality. These particles, however would 
only be useful in the pH range of 4-5.
The misshapen particles produced in formulation no. 2 in toluene had the largest 
response of all particles. There is more nitrogen in these particles relative to the VBC 
derivatized particles, which is probably responsible for the larger change in response. 
The short response time of these particles was also another factor that made these 
beads good for an optical fiber sensor.
Once the crosslinking issue was resolved, the polymerization in toluene afforded 
particles that were suitable for use on the optical fiber sensor. These polymerizations, 
however, should be checked for reproducibility. It has been observed that stirring 
with a magnetic stir bar can give irreproducible results. The formulation in which 5% 
crosslinker was used could be modified to change the magnitude of response. Also, 
the time at which the crosslinker was added to the dispersions to perform the quasi­
seeded emulsion polymerizations could be systematically investigated.
HYP AN turned out to be an excellent hydrogel for our sensor. The response 
times seen in HYP AN were relatively fast. The change in response of the membranes 
was very strong and visible by eye. The ability to vary the refractive index of the 
hydrogel is an interesting property for the development of our sensors. A hydrogel 
could be used that has a refractive index similar to the particle refractive index in
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acid. A hydrogel could also be used in which the refractive index is close to the 
refractive index of the optical fiber. This would lower the intensity of the back 
reflection, but the use o f an angled connector would also take care of this problem.
One drawback with HYP AN is the constant need to keep the hydrogel hydrated.
A method also has to be developed to attach a HYP AN membrane to a substrate; this 
is currently being worked on in our group. It has been observed that HYP AN will 
stick to the metal strip that we use for magnetochemical sensing. However, HYP AN 
does not stick to the stainless steel connectors or glass.
Suspending the particles in HYP AN can be problematic. The HYP AN solution is 
so viscous that sonication does not resuspend the beads. When wet particles were 
used (i.e., suspended in the cleaning solution) it was hard to suspend the particles in 
HYP AN. A hydrogel immediately started to form on the addition of the wet particles. 
For this reason, dry particles should be suspended in HYP AN.
In conclusion, it is possible to determine pH at distances up to 500 meters using 
the instrumentation developed for remote sensing due to polymer swelling. Although 
there are still areas dealing with the instrument that could be improved, the 
instrumentation is successful. The use of vinyl pyridine particles in HYP AN 
membranes gave large rapid changes in response and should be further investigated in 
the development of our optical fiber sensor.
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